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ABSTRACT
In this thesis, investigations on gravity waves are conducted in two regions of the
middle atmosphere: the lower stratosphere using high-resolution radiosonde at
South Pole and the mesopause region using OH airglow imager at Maui, Hawaii
and Cerro Pachon, Chile. Wave characteristics at these regions are deduced and
the seasonal variation of wave activity, wave sources, and propagation effect are
studied.
The study of gravity waves in the lower stratosphere at South Pole reveals that
sources other than topography are important even for the lower part of middle at-
mosphere. Horizontal propagation must be included in parameterization schemes
to reflect the fact that waves derived from radiosondes have slant propagation
paths. They travel long distance horizontally before they reach higher altitudes.
Long term gravity wave characteristics over Maui from 2002 to 2007 are de-
duced from OH airglow imager. Wave parameters from the long term imager
observation provide robust statistics of high-frequency gravity wave in the mid-
latitudes. Poleward wave propagation preference during summer and equatorward
wave propagation preference during winter are observed over Maui. They are also
opposite to the seasonal mean meridional wind direction which are always point-
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ing toward winter pole. Momentum fluxes deduced from OH imager are also
highly anti-correlated with background winds. At least for the part of spectrum
observed by airglow imager, gravity waves act as damping mechanism for diurnal
tide. Gravity wave occurrence frequency does not follow the variation of local con-
vective sources and convective sources in a large domain when ducted waves are
considered. In fact, with a constant wave source and monthly mean background
atmospheric condition, the simulated wave transmission resembles the wave oc-
currence frequency observed by OH airglow imager at Maui. Thus, at Maui the
propagation effect dominates the seasonal variation in wave activity.
Gravity wave momentum fluxes deduced from airglow imager provide impor-
tant observation constraint for gravity wave parameterization for the mesopause
region. To explain the cause of seasonal change on meridional propagation prefer-
ence, three mechanisms are investigated: critical-layer filtering, wave ducting, and
Doppler-shifting by local mean wind. Critical-layer filtering failed to explain the
propagation preference. Observed gravity wave propagation directions are largely
related to the background wind in the airglow layer. This is caused by Doppler-
shifting of gravity waves by background wind. Background wind Doppler shifts
gravity waves propagating against (along) background wind to higher (lower) fre-
quency and larger (smaller) vertical wavelength. Thus, the observed gravity waves
tend to propagate against background wind. The apparent against background
wind propagation is largely caused by the contrast in cancellation factor for waves
propagate in different direction. To a lesser degree, the difference in dissipation
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for waves propagate in different direction also contributes to the observed against
background wind propagation.
The results from this work show gravity wave’s propagation in middle atmo-
sphere is strongly affected by atmospheric field. For low frequency waves, their
propagation paths are slant and can travel hundreds of kilometers before they
reach the middle atmosphere. For high frequency gravity waves, though their
propagation paths are mostly vertical, they are subject to ducting and reflection.
Due to the large contribution of momentum flux in the Mesosphere and Lower
Thermosphere (MLT) by high-frequency, short-horizontal-scale waves, these prop-
agation effects must be included in gravity wave parameterizations.
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CHAPTER 1
INTRODUCTION
Atmospheric gravity waves are ubiquitous phenomena throughout the atmosphere.
They exist due to the stable density stratification of the atmosphere with buoyancy
(gravity) as the restoring force. Disturbances to a balanced state can result in
excitation of atmospheric gravity waves with a variety of spatial and temporal
scales depending on the forcing. Gravity waves are generated mostly in the lower
atmosphere by various mechanisms such as flow over topography, convection, wind
shear, and spontaneous adjustment processes from unbalanced flow, etc [Fritts and
Alexander , 2003]. Gravity waves can occur at all altitudes in the atmosphere and
are important for several reasons: they can transport energy and momentum from
one region of the atmosphere to another, vertically and horizontally; when they
break in the upper troposphere/lower stratosphere, clear air turbulence hazardous
to aviation is generated and chemical species are mixed; in the troposphere, they
can trigger and modulate convection, as ducted waves interacting with weather
systems and triggering squall lines and rain bands [Mapes , 1993].
In the middle atmosphere, gravity waves play essential roles in driving the large-
scale circulation [McLandress , 1998]. Because the small density in the middle
atmosphere, small amount of momentum transported from the lower atmosphere
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have profound impacts on the circulation in the middle atmosphere. Upward
propagating waves grow in amplitude exponentially as the atmospheric density
attenuates with increasing height. Gravity waves break either as their amplitudes
grow to a point that instabilities occur, or when they approach their critical
layers where the background wind speed along the wave propagation direction
equals the wave phase speed. As gravity waves break, the momentum and energy
they carry are deposited into the mean flow. Wave-mean flow interaction can be
described by the first Eliassen and Palm theorem shown in Equation 1.1 [Lindzen,
1973] for linearized, plane, internal gravity waves in the absence of rotation. p
is pressure, w is vertical velocity, u¯ is zonal wind, ρ is density, and c is the
wave phase speed. The overbar refers to the average over one cycle of wave,
and primes indicate departures from the average. Equation 1.1 states that an
upward propagating gravity wave carries momentum with the same sign as c− u¯.
When a gravity wave dissipate or break it deposits momentum to the mean flow
and accelerate/decelerate the mean flow towards its phase speed, which is called
gravity wave drag. The gravity wave drag effects are most significant in the
mesosphere and lower thermosphere (MLT) region due to the small density there.
Due to filtering by the easterly/westerly wind in the stratosphere, gravity wave
drag in MLT in the summer/winter hemisphere are eastward/westward, which
drives a summer pole to winter pole meridional circulation to balance this drag.
The adiabatic cooling/heating in MLT resulted from the upwelling/downwelling
in the summer/winter reduces/increases the temperatures by as high as 90 K
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from the radiative equilibrium at the summer/winter pole [Garcia, 1989; Fritts
and Alexander , 2003].
p′w′ = −ρ0(u¯− c)u′w′ (1.1)
The mesopause region (80-105 km) is a particularly interesting region for atmo-
spheric dynamics and gravity wave research. Gravity waves of various frequencies
posses large amplitudes in the region due to growth of amplitudes because of
the attenuation of air density. Summer mesopause region is the coldest place
in the Earth’s atmosphere due to the adiabatic cooling from upwelling associated
with the summer-pole-to-winter-pole meridional circulation driven by gravity wave
drag. Though in situ measurements is difficult in MLT, this chemically active re-
gion provides opportunities for applying a varieties of remote sensing techniques
to observe atmospheric properties. Several mesospheric airglow layers are located
in this region: the hydroxyl (OH) Meinel band (from mid-visible to near-infrared),
the atomic oxygen band (557.7 nm, the green line), the molecular oxygen (O2)
band (865 nm), and the sodium band (589 nm). Additionally, the metal layers due
to meteor ablation in the mesosphere provide excellent tracers for observation of
mesopause region. Gravity waves in the mesopause region have been extensively
studied using remote sensing techniques such as airglow imager, lidar, meteor
radar, photometer, etc from ground and space in the past several decades [Taylor
et al., 1987; Viereck and Deehr , 1989; Hecht et al., 1994;Walterscheid et al., 1999].
However, our understanding of impacts of short-period gravity wave on the mean
3
flow in the region are still poor.
Not only gravity waves have such a large range of temporal and spatial scales,
their intrinsic parameters also vary with background atmospheric condition when
they propagate. This poses challenge for gravity wave observation: each type of
instrument has its “observational window”. The term “observational window”
is first coined by Alexander [1998], where the difference of results from several
observational techniques are noticed. Background atmospheric condition and ob-
servational filters can cause different preference for which part of spectrum to
be observed by an instrument. Figure 1.1 shows the observational window for
various instruments (adapted from Figure 8a of Alexander et al. [2010]). The
part of spectra not visible to most of instruments listed are still important for
middle atmosphere dynamics. Luckily they are observable by airglow imager in
the mesopause region. In the study of mesospheric gravity waves observed by
airglow imager (Chapter 3 to 5), the observational window of imager affects the
interpretation of observed preferred propagation direction of gravity waves.
Due to their spatial and temporal ubiquity, gravity waves from the microscales
to planetary scales are important for atmospheric dynamics, temperature and
composition. Horizontal wavelengths of gravity waves range from kilometers to
thousands of kilometers, and intrinsic wave periods range from the Brunt-Vaisala
period (approximately ten minutes in the troposphere, five minutes in the meso-
sphere, lower thermosphere) to the inertial period 2pi/f , which is infinite at the
Equator and 12 hours at the poles. High-frequency gravity waves (periods < 1hr)
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carry most of the wave momentum flux [Reid and Vincent , 1987; Fritts and Vin-
cent , 1987]. Gravity wave drag effects on the mean flow in the middle atmosphere
are dominated by high-frequency waves. The temporal and spatial scale of grav-
ity waves important to the middle atmosphere are much smaller than the current
model grid scales, which makes it impractical to resolve small-scale gravity waves
explicitly. To simulate the middle atmosphere, the effects of subgrid-scale gravity
waves must be parameterized in general circulation models (GCMs). In principle,
gravity wave parameterization demands the understanding of gravity wave excita-
tion, propagation, and dissipation properties. The broad multiscale nature of the
gravity wave spectrum poses a difficult challenge to both observers and numerical
modelers.
All of the gravity wave parameterization schemes involve specifying gravity
wave source spectrum at the lower atmosphere and depositing gravity wave mo-
mentum flux into the mean flow as waves break or dissipate. Due to the lack
of the knowledge of gravity wave generation and dissipation in the atmosphere,
there is a large uncomfortable range of unconstrained free parameters in these
gravity wave parameterization schemes for modelers to tune general circulation
simulations to produce reasonable circulation, temperature structure, and chem-
ical species distribution. The uncertainties reside in each stage of the existence
of gravity waves in the atmosphere: source wave spectra and their relation with
large-scale atmospheric condition; simplification of gravity wave propagation in
an ever evolving atmosphere; wave breaking and dissipation.
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The spectral distribution of the gravity wave sources in terms of phase speed
and horizontal/vertical wavelengths vary considerably among the different pa-
rameterizations. Flow over topography generates gravity waves with zero phase
speeds. Convections generate gravity waves throughout the full range of phase
speeds, frequency, and vertical and horizontal wavelengths. Inertia-gravity waves
are excited near the jet-stream or frontal system by adjustment processes from
unbalanced flow, in which an unbalanced flow reaches a new balanced state and
conserves energy through emission of inertial gravity waves [Fritts and Alexander ,
2003]. Most GCMs include orographic gravity wave drag parameterization scheme
similar to that in [McFarlane, 1987a]. Non-orographic gravity wave drags are of-
ten specified as a uniform distribution or latitudinal distribution over the globe or
neglected altogether. To improve gravity wave parameterization, the observations
of wave characteristics and its evolution at various altitudes are important.
Currently most gravity wave parameterization schemes assume several simpli-
fications of gravity wave propagation. First, horizontal propagation of gravity
waves are largely ignored which is only valid for high-frequency gravity waves.
Second, wave reflection and ducting by thermal structure or Doppler-shifting by
wind are not considered which may have significant effects on short-horizontal,
high-frequency gravity waves. All these simplifications have their consideration of
practicality in computation, however, the effects of these simplifications must be
quantified to lay a solid foundation on the development of gravity wave parame-
terization scheme with sound physical constraints. In this study, the importance
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of these gravity wave features are examined using observational data.
For the middle atmosphere, parameterization of gravity waves generated by
fronts and convection are included in some models in an effort to constrain wave
parameters. However, these constraints are often based on assumptions rather
than observation. For example, typical horizontal wavelength specified for grav-
ity wave parameterization schemes are mostly larger than 100 km. Even for those
specified source spectrum with short horizontal wavelengths waves, the effect of
reflection are often neglected. All parameterization schemes have a tunable pa-
rameter, intermittency, which can be assigned to a arbitrary value to scale source
spectrum. Observational study on gravity wave momentum fluxes are needed to
constrain the spectral distribution of gravity wave momentum flux at the MLT al-
titudes. Observational studies of high-frequency gravity waves in the MLT region
are important to verify the validity of these assumptions and potentially improve
the simulation of middle atmosphere.
Based on the above known unanswered questions in gravity wave research, sev-
eral goals to improve our understanding of gravity waves in the middle atmosphere
are set in this study. First are the long term statistics of wave characteristics and
momentum fluxes in the MLT region, and their implications on middle atmo-
sphere dynamics. Though many recent airglow imager studies on gravity waves
in the MLT region have enhanced our understanding on the subject, long term
observational study is still rare. Long term statistics of wave characteristics and
momentum fluxes would provide a good opportunity to investigate the compo-
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sition of wave spectra, their seasonal variation, and the underlying mechanisms
causing the seasonal variations. Second is the about gravity wave sources. How
important are non-orographic sources for gravity waves in the lower stratosphere
where parameterization often ignore non-orographic sources. Third is about grav-
ity wave propagation effect. On the one hand is the horizontal propagation for
waves with low frequencies and short vertical wavelengths. This is investigated by
the study on stratospheric gravity waves at South Pole using radiosondes, where
local wave generations are weak due to minimal topographic forcing and virtually
nonexistence of convection [Li et al., 2009]. On the other hand, investigated is
the importance of ducting and reflection of high-frequency, short horizontal scale
gravity waves by the lower thermosphere thermal structure and wind distribution.
The thesis starts with an brief introduction on the topic (Chapter 1) and a de-
scription on the data and methodology (Chapter 2) following by details of research
(Chapter 3-6) and conclusion (Chapter 7). The research described in this thesis
are composed of four chapters. Chapter 3 focuses on stratospheric gravity waves,
their relationship with synoptic activities and unbalanced flow in the lower strato-
sphere [Li et al., 2009]. This part of this thesis focuses on gravity waves observed
by high-resolution radiosonde at South Pole. South Pole is an isolated location
with not much local generation of gravity waves from topography or convection.
The investigation at South Pole is aim to sort out the source of gravity waves
in a remote regions without much of convections and local sources. By examing
the relationship of gravity wave activity and synoptic activity, the importance
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of waves generated by unbalance in the mean flow and propagation are raised.
These short vertical wavelength waves mostly break and deposit momentum in
the stratosphere. Thus, the parameterization of gravity waves in the stratosphere
must consider the horizontal propagation of gravity waves to simulate the real
atmosphere correctly. Chapter 4-5 focus on the study of high-frequency gravity
waves in the mesopause region over Maui. Both their sources in the troposphere
and propagation and dissipation in the mesopause region are examined to help
improve our understanding on gravity wave effects on the middle atmosphere.
During summer/winter, gravity wave propagation direction shows preference to-
ward summer pole. Gravity waves observed by imagers over midlatitude sites
often show dominant eastward and poleward propagation during summer and
equatorward propagation during winter [Taylor et al., 1993; Hecht et al., 2001;
Ejiri et al., 2003; Hecht et al., 2004; Dou et al., 2010]. The cause of this sea-
sonal variation of preferred propagation direction have been investigated with
various explanations such as critical-layer filtering [Stockwell and Lowe, 2001a]
and gravity wave ducting [Hecht et al., 2001]. The strong anti-correlation of wave
propagation direction, momentum fluxes with local mean wind is noted and ex-
plained by majorly the observational filtering of the instrument on top of stronger
physical damping for waves propagate into the mean wind as they are Doppler-
shifted to shorter vertical scale. Wave occurrence frequency in the MLT at Maui
is largely determined by filtering processes in the lower atmosphere and ducting
condition in the lower thermosphere. In Chapter 6, the investigation on gravity
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waves at Andes Lidar Observatory, Chile not only confirms the seasonal change
of meridional propagation preference observed at Maui but also reveals unique
wave characteristics. In addition to short-horizontal scale waves, there are signif-
icant amount of waves with horizontal wavelengths in the 80-120 km range. This
demonstrates that gravity wave characteristics at different geographical locations
varies greatly and a uniform distribution of non-orographic gravity wave source
spectrum in gravity wave parameterization schemes are not realistic.
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1.1 Figures
Figure 1.1: Typical visibility limits as functions of horizontal and vertical
wavenumber for various satellite and balloon measurement techniques. Shaded
regions are not visible to any of the techniques. Adapted from Figure 8a of
Alexander et al. [2010].
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CHAPTER 2
DATA AND METHODOLOGY
2.1 Instruments for MLT
2.1.1 Airglow Imager
During nighttime, the atmosphere at high altitudes (above 80 km) emits weak
(invisible) light at many line wavelengths, called airglow emissions. The ma-
jor airglow emissions are two lines at wavelengths of 557.7 and 630.0 nm from
atomic oxygen and many lines from hydroxyl (OH) at wavelengths in the near-
infrared region. The OH-band near-infrared emissions have emitting layers near
the mesopause region ( centered at ∼87 km). Since the electron density is very
low at this altitude range, the variations of these airglow emissions are influenced
by variations in densities and temperatures in the neutral atmosphere, mostly
due to atmospheric gravity waves. Airglow imager is an important instrument to
observe gravity waves in the MLT region.
Using highly sensitive all-sky imagers with a cooled charge-coupled device (CCD)
and narrow band-pass filters, one can obtain two-dimensional images of airglow
emissions and hence the atmospheric waves at these altitude ranges [e.g. Taylor
et al., 1995]. Airglow imager has been widely used to deduce the horizontal wave
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structure, intrinsic wave parameters, and momentum fluxes of high frequency
gravity waves. Its capability of capturing high-frequency waves is important be-
cause over 70% of the momentum flux and of zonal drag on the mean flow in the
mesopause region was contributed by gravity waves with periods less than one
hour [Fritts and Vincent , 1987]. The spectral range of gravity waves observed by
airglow imager is also not visible by other observation techniques such as satellite
limb sounding, nadir viewing and rockets. The airglow imager measures the OH
Meinel band emission (750.0-930.0 nm) with a notch at 865.0 nm to exclude the
molecular oxygen (O) emission. Figure 2.1 shows the schematic diagram of the
major optical and sensor elements of the UIUC OH airglow imager. One set of
airglow emissions is collected at a time by a 1024×1024 CCD array after it passes
the optical lens and filters. The taken image is binned to a 512 × 512 array by
a factor of 2 in the horizontal and vertical directions to increase signal to noise
ratio.
The bright OH Meinel band can be adequately explained by the reaction be-
tween atomic hydrogen and ozone,
H +O3 −→ OH∗(v = 9, 8, 7, 6) +O2 (2.1)
followed by chemiluminescence (radiative emission)
OH∗(v′) −→ OH∗(v′′) + hν (2.2)
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v is the vibrational quantum number. Between 80 and 95 km altitude, atomic
hydrogen reacts with ozone and generates excited hydroxyl radicals. The excited
hydroxyl radicals are not stable and relax to ground state by emitting a photon.
The OH airglow layer peaks around 87 km with a thickness on the order of 10 km.
The airglow intensities are determined by the wave-induced perturbations in the
species involving the airglow chemistry and temperature perturbations affecting
the reaction rates. Wave-like disturbances are very common in airglow images.
The information of wave structure and energy transport can be inferred from OH
airglow intensity perturbation pattern and variation. As shown in Figure 2.2, after
time-differencing (TD), quasi-monochromatic (QM) waves are seen propagating
cross the sky. These quasi-monochromatic gravity waves typically have horizontal
wavelengths of several tens of kilometers, vertical wavelengths longer than 10 km,
and periods of 5-20 minutes.
2.1.2 Meteor Radar
The UIUC Maui MALT meteor radar uses a SKiYMET radar [Franke et al., 2005]
operating at 40.92 MHz. The meteor trails were illuminated by one three-element
Yagi antenna directed toward the zenith with the transmitted power of approxi-
mately 170 W from a 13.3 µs pulse length, 6 kW peak envelop power and 466 µs
interpulse period. The backscattered signals from meteor trails were received by
five three-element Yagi antenna oriented along two orthogonal baselines and they
were sampled every 13.3 µs, resulting in 2 km range resolution. Wind velocities
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were determined from the trail positions and Doppler shifts [Hocking et al., 2001]
with an assumption that the horizontal wind field is uniform within a time-height
interval and the vertical wind is negligible. Unlike airglow imager and lidar, me-
teor radar is not affected by clouds and daylight, which enables it to provide
continuous observation of horizontal wind in the mesopause region. The inference
of intrinsic phase speed of waves and momentum flux calculation from airglow
imager data will utilize the wind information provided by meteor radar.
The University of Illinois Na wind/temperature lidar, the all-sky airglow imager,
photometer, and meteor radar have been deployed to Cerro Pechon (30S, 71W),
Chile. The whole observation system provides a great data set for research on
high-frequency gravity wave in the mesopause region.
2.2 Imager Analysis Method
The image processing and analysis method used in this work is developed by Tang
et al. [2005a,b] to extract high-frequency quasi-monochromatic gravity waves from
airglow image sequences. The upside of this technique is it objectively identify
gravity waves on airglow images and requires less time for image processing. With
background wind measurement provide by lidar or radar, intrinsic wave parame-
ters and momentum fluxes can be estimated. Applying the technique to a large
observation datasets, we can obtain long-term gravity wave statistics.
The image processing technique composes of several stages. The first stage is
quality control of airglow images. Imager observation with moonlight and cloud
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contamination are excluded by examining airglow movies. The second stage is
preprocessing all-sky airglow images to remove distortion by fish-eye lens and van
Rhijn effect and stars. The third stage is spectral analysis on the Doppler-shifted
time-difference preprocessed images to obtain intrinsic wave parameters. The last
stage is to estimate wave momentum flux using wave parameters.
The preprocessing of airglow images consists of flat-fielding, star-removing, and
detrending. All-sky airglow images are obtained through fish-eye lenses, broad-
band optical filters. As the all-sky camera measures the intensity of airglow
emission from the line-of-sight through the airglow layer, the slant path length
increases through the layer as function of observation angle. This radially sym-
metric distortion in the images is known as van Rhijn effect. Both fish-eye lens
and van Rhijn effect cause radially symmetrical variation of airglow variation.
Flat-fielding of airglow images removes these variations. After flat-fielding, the
warped images are further interpolated to atmospheric coordinates for wave anal-
ysis. Star-removing involves identifying stars by edge-detecting and replace star
pixels with mean value of neighboring pixels. Figure 2.4 shows the effect of star-
removing on airglow image that has been interpolated to the atmospheric coordi-
nates. Large scale variation of airglow intensity can be introduced by large scale
waves such as tide and inertia-gravity waves. They act as the background for a
passing high-frequency gravity waves and are removed by detrending.
Doppler shifting of preprocessed images involves pixel shifting of a group of three
consecutive images according to the background wind in the airglow layer. The
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pixels in the first (third) images are shifted toward (against) the wind direction
by the linear distance during the time interval between the two images. After the
images are Doppler shifted, they are cropped to 256× 256 pixels and the field of
view (FOV) is 150 km × 150 km. Two time-difference (TD) images are generated
between the second and the first and the third and second images respectively.
TD images enhances high-frequency gravity waves on airglow images as shown
Figure 2.4.
To extract wave parameters, 2-D Fourier transform is used to identify dominant
wavenumber in the airglow intensity perturbation on Doppler-shifted TD images.
Spectral peaks in a 2-D spectrum shows the dominant horizontal wavenumbers
and wave propagation direction with 180◦ ambiguity. When common peaks above
noise threshold are identified between the two consecutive TD images, their phase
progression can be used to calculate intrinsic phase speed and resolves the am-
biguity of wave propagation direction. Figure 2.5 shows the 2-D spectra for two
consecutive TD images. The QM gravity wave propagated from the northwest
toward southeast with horizontal wavelength of about 30 km. With horizon-
tal wavenumber (k, zonal wavenumber, l, meridional wavenumber), and intrinsic
phase speed ci, vertical wavenumber m can be inferred by assuming climatology
static stability N2 according to Equation 2.3. In this study, the climatology of
temperature profile in the mesopause region over Maui is calculated using an em-
pirical model called Mass Spectrometer - Incoherent Scatter-00 (MSIS-00) [Picone
et al., 2002].
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ci =
ω√
k2 + l2
m2 =
N2 − ω2
ω2 − f 2 (k
2 + l2)− 1
4H2
(2.3)
The wave induced intensity perturbation ratio I ′/I¯, relative intensity perturba-
tion, is calculated by dividing the dominant wave energy I ′ in terms of disturbed
OH volume integrated intensity with the average intensity for undisturbed airglow
layer I¯. The wave energy in volume integrated intensity I ′ is calculated from 2-D
periodogram. For every pixel in the FOV, the intensity is composed of dark cur-
rent, optical background, undisturbed and disturbed OH airglow emission. The
dark current are measured from image corners that are not exposed to light. The
optical background is estimated as 70% by comparing the temporal trend of over-
head pixel averages with the background-corrected photometer data. The average
intensity for undisturbed airglow layer I¯ is the average pixels in the star-free and
detrended images after removing dark current and optical background.
Wave perturbation in airglow intensity has different amplitude and phase than
wave perturbation in temperature and density. It was Krassovsky [1972] who de-
fined the Krassovsky ratio ηOH as the ratio of the relative perturbations in OH
airglow intensity and rotational temperature when viewed normal to the layer
(zenith for ground-based instruments). Various researchers found ηOH depends on
wave intrinsic parameters and atmospheric conditions through numerical model-
ing studies. Swenson and Gardner [1998] developed an analytic model to describe
gravity wave induced perturbation in OH airglow intensity, which enables the cal-
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culation of momentum fluxes from airglow relative intensity. The ratio between
gravity wave induced relative intensity perturbation, I ′/I¯, and relative tempera-
ture perturbation, T ′/T¯ , is defined as Cancellation Factor (CF). CF is a function
dependent on wave intrinsic parameters, especially vertical wavelengths. Waves
with larger vertical wavelengths tend to have larger values of CF, hence larger
relative intensity perturbation induces by waves on imager. Therefore, waves
with larger vertical wavelengths are more likely to be observed than waves with
smaller vertical wavelengths. Figure 2.6 shows the CF as a function of vertical
wavelength for a wave with intrinsic period of 30 minutes. Waves with vertical
wavelength shorter than 10 km have very small CFs and strongly disfavored on
imager observation.
With wave intrinsic parameters and wave induced relative temperature pertur-
bation or intensity perturbation, the gravity wave momentum flux can be calcu-
lated using Equation 4.2 [Swenson and Liu, 1998; Liu and Swenson, 2003]
FM =
k
m
g2
N2
〈(T
′
T
)2〉 = kg
2
mN2CF 2
〈(I
′
I¯
)2〉(m2s−2) (2.4)
2.3 Figures
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Figure 2.1: Diagram of OH airglow imager.
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Figure 2.2: An OH airglow image (upper) and time difference image (bottom) as
observed for a typical wave pattern from Maui on July 2nd, 2002. This wave is
propagating from the west.
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a)
b)
Figure 2.3: Example of airglow image preprocessing on October 3rd, 2003. a)
raw airglow image before preprocessing; b) center part of image after
interpolation to atmospheric coordinate.
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a)
b)
Figure 2.4: a) example of airglow images after removing star. The wave
structure is barely visible b) clear monochromatic gravity wave structure shows
up after time difference.
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a)
b)
Figure 2.5: Two-dimensional spectra of two consecutive TD images on October,
3rd, 2003. The wave is propagating from the northwest to southeast with
horizontal wavelength of about 30 km.
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Figure 2.6: Cancellation Factor (CF) as a function of vertical wavelength for a
wave with intrinsic period of 30 minutes. CF drops off quickly below 10 km,
which indicates only waves with very large amplitudes can be observed in small
vertical wavelength range (< 10 km).
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CHAPTER 3
GRAVITY WAVES IN THE LOWER
STRATOSPHERE OVER SOUTH POLE
3.1 Introduction
Atmospheric gravity waves are generally excited in the lower atmosphere by a
variety of mechanisms such as flow over topography, convection, wind shear, and
adjustment from unbalanced flow. As they propagate upward, they transport
momentum and energy from the lower atmosphere to the middle atmosphere.
Due to the exponential decrease of atmospheric density, gravity waves’ amplitude
grows exponentially with altitude as they propagate upward. Dissipation of grav-
ity waves eventually happens because of a variety of processes, such as wave-mean
flow interactions, critical level filtering and convective and dynamical instabilities.
When gravity waves dissipate, their energy and the momentum they transfer are
deposited into the background mean winds. The acceleration and deceleration of
mean flow by gravity waves are important for the general circulation of middle
atmosphere[Fritts et al., 2003]. The effects of gravity waves on the atmospheric
circulation must be accounted in large-scale general circulation models (GCMs) in
order to correctly simulate the general circulation of atmosphere. High-resolution
GCMs, which resolve some parts of small scale gravity waves, have been used to
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simulate middle atmosphere circulation, examine the global distribution of gravity
wave characteristics, and demonstrate significant improvements on reducing bias
and reproduce QBO-like oscillation in the tropics with finer resolution [Hamilton
et al., 1999; Sato et al., 1999; Koshyk and Hamilton, 2001; Watanabe et al., 2008].
However, because of gravity waves’ wide range of temporal (from minutes to days)
and spatial (from several kilometers to thousands of kilometers) scales, explicitly
resolving gravity waves with a full 3-dimensional spectrum in numerical models
still requires an inhibitive amount of computing resource. Thus the effects of grav-
ity waves must be represented in GCMs by parameterization schemes. A variety of
gravity wave parameterization schemes involves specifying wave source spectrum
in the lower atmosphere which requires constraints from observations [Fritts et al.,
2003]. Characterizing the sources of these waves in the lower atmosphere and un-
derstanding their relationships with gravity waves in the stratosphere is crucial
to provide physical constraints on gravity wave parameterization for GCMs.
The polar atmosphere remains a particularly important region for research on
global climate change. The global meridional circulation is manifested as a strong
upwelling in the summer polar middle atmosphere, creating the coldest atmo-
sphere on Earth near the mesopause region [Fritts and VanZant , 1993; Houghton,
1978]. The cold summer mesopause results in a pole-to-pole temperature gradi-
ent that is opposite to what is implied by the radiative balance. Atmospheric
gravity waves are believed to play a crucial role in driving this meridional cir-
culation by transporting horizontal momentum upward as they propagate into
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the mesosphere and dissipate [Fritts et al., 2003]. Recently various studies have
characterized the gravity waves in the polar region through various observational
platforms. For example,Pfenninger et al. [1999] characterized gravity waves both
in the troposphere and lower stratosphere over South Pole (SP) based on high
resolution radiosondes from 1993 to 1996. They found no preferred horizontal
propagation direction for waves in the troposphere and stratosphere. About 80%
of waves in the stratosphere propagated upward, indicating wave sources in the
troposphere. Analyzing 10 years of operational radiosondes data from the Arc-
tic (12 stations) and Antarctica (21 stations), Yoshiki and Sato [2000] compared
the characteristics of gravity waves in the lower stratosphere in the polar regions.
It was found that at the coastal stations in Antarctica the correlation between
stratospheric gravity waves and surface wind was much lower than those in the
Arctic. In the meantime, a high correlation of gravity wave energy with strato-
spheric winds was found in the Antarctic. Topography was important for waves
in the stratosphere over the Arctic but not for the coastal stations of Antarctica
because they were removed through critical-level filtering at approximately 5 km.
Baumgaertner and McDonald [2007] obtained the seasonal and altitudinal dis-
tribution of gravity wave energy in the lower stratosphere (10-30 km) over the
Antarctic by analyzing global positioning system (GPS) radio occultation data
from CHAMP (CHAllenging Minisatellite Payload). These studies showed that
the gravity wave activity over Antarctica were generally stronger during austral
spring, which is attributed to the seasonal variation of critical-level filtering and
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Doppler shifting by the mean winds. Hei et al. [2008] analyzed 5-year GPS radio
occultation data from CHAMP in polar regions of both hemispheres and suggested
that the enhancement of gravity waves in the stratosphere over Antarctica was
related to the decay of polar vortex. Vincent et al. [2007] analyzed data collected
by superpressure balloons over the Antarctic and found that generally stronger
gravity wave variance over mountainous regions such as Antarctic Peninsula. A
recent study by Sato and Yoshiki [2008] discussed gravity wave generation based
on intensive high-resolution radiosonde observations in the Antarctic in terms of
the spontaneous adjustment from unbalanced flow in the stratosphere. Alexan-
der and Vincent [2000] were able to simulate the seasonal variation of gravity
wave momentum flux in the tropical lower stratosphere by setting a wave source
without seasonal and interannual variation. Thus, the variation of gravity wave
activity in the stratosphere can be introduced by a combination of source vari-
ation and background filtering. In this study, we attempt to characterize the
seasonal variation of gravity wave activity in the lower stratosphere over SP and
investigate the possible causes of the seasonal variation of gravity wave activity
in the lower atmosphere from several aspects. The main objective of this study is
to investigate the relationships between the gravity waves observed in the lower
stratosphere above SP and synoptic-scale disturbances in the troposphere and
adjustment process from the imbalance of flow in the lower stratosphere, upper
troposphere over the Antarctic. The importance of background atmosphere and
orographic gravity wave near SP was also noted during the course of the study.
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The paper is organized as follows. Section 2 introduces the high vertical resolu-
tion radiosonde data at SP and the method of separating wave perturbation and
background structure. Section 3 describes the seasonal variation of gravity wave
activity in the lower stratosphere at SP and the mean background atmospheric
conditions. Section 4 discusses the relationships between the gravity wave ac-
tivities at SP with various possible sources. Section 5 discusses a scenario that
gravity wave sources have no seasonal or interannual variations and demonstrates
how changing background atmosphere alone can affect the gravity waves observed
in the lower stratosphere via ray-tracing experiments. Our summary and conclu-
sions are presented in Section 6.
3.2 Data and Methodology
High vertical resolution radiosonde data have long been used to characterize grav-
ity waves in the troposphere and lower stratosphere [Allen and Vincent , 1995;
Nastrom et al., 1997; Pfenninger et al., 1999; Sato et al., 2003; Tsuda et al.,
2004; Vincent and Alexander , 2000; Wang et al., 2005]. The meteorology office at
Amundsen-Scott South Pole Station makes high-resolution radiosonde measure-
ments for the U.S. Antarctic Research Program since 1993. Balloons are being
launched everyday at about 2 hours before 0000 UT and 1200 UT during aus-
tral summer (October through mid-February) and 0000 UT during the remaining
months of the year. The radiosondes usually reach the altitude of about 20 km
during winter and 30 km during summer at SP, which makes it possible to detect
30
gravity wave characteristics from the troposphere to the lower stratosphere. On
August 1st, 2001 the South Pole Meteorology Department officially switched to a
GPS-based atmospheric sounding system. The equipment consists of Vaisala RS-
80 GPS radiosondes and a Vaisala Marwin receiver, which replaced the former
radiotheodolite system. This system provides much better wind measurements
with consistent accuracy because GPS wind finding is based on the Doppler shifts
of the frequency of GPS radio signal instead of triangulation. The relevant in-
formation for wind speed and direction computation is sent back by radio signal
and the ground equipment computes the wind speed and direction by applying
the differential GPS concept with a very high precision (0.5 m/s over 0.5 second
averaging time). The old radiotheodolite system not only provides lower accuracy
measurement of wind but also suffers from poor accuracy at low elevation angles.
Hence, we focused on the GPS-based radiosonde data since 2001 in this study. In
every sounding, balloon payloads sample temperature T (0.01 ◦C resolution, 0.2
◦C accuracy), pressure (0.01 hPa resolution, 0.4 hPa accuracy), relative humidity
(0.01% resolution, 3% accuracy), and wind (0.5 m/s) every 2 to 3 seconds. The
balloons rise at a speed of about 4 m/s, making measurements at time interval of
2 to 3 second. Thus the measurements of temperature, dew point temperature,
pressure, wind speed, wind direction, and altitude are obtained at a vertical in-
terval around 10-15 m. High vertical resolution of the balloon data allows us to
utilize this data to analyze gravity waves with very short vertical wavelength (on
the orders of tens of meters) over SP. To give an illustrative example of soundings
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over SP, Figure 3.1a presents a set of temperature profiles from the first day of
each month of 2003. The most common feature of these profiles is a strong inver-
sion layer near the surface. Most of the profiles are terminated before reaching
20 km during winter, and during summer, they extend to above 30 km. Table
3.1 shows the average number of profiles per each month available for deducing
gravity wave information in different altitude ranges after quality control and data
loss due to filtering. It can be seen that in the worst month July, there were over
8 profiles useful between 10-15 km and over 6 profiles useful between 15-20 km.
Above 15 km, there was too little available data to robustly determine the statis-
tics of gravity wave variation. Tropopause height varies between 8 km and 10
km with indistinctive thermal tropopause during polar nights. The wiggles in the
stratosphere have larger amplitudes than those in the troposphere and are likely
due to growth of gravity wave perturbations because of exponential decrease of
atmospheric density.
Before processing the data, a quality control is performed to exclude unrealistic
data, and discard profiles with large gaps due to loss of measurements during the
ascent of balloons. The total discarded data is a very small portion (less than 1%)
of all the available profiles. The quality-controlled profiles with vertical interval
of 10 meters were then interpolated to get a uniform 20 m vertical interval
for easy processing. In addition, some soundings provide measurements within
physical range but with sharp spikes, which are unlikely correct measurements due
to its huge gradients of atmospheric variables. For example, some profiles have
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extremely high or low temperature in a short vertical range and return to normal
temperature range outside of that section. Even when these spikes are physical,
they are not linear gravity wave perturbations because of their superadiabtic
lapse rates and huge amplitudes. Hence, segments of sounding with such sharp
spikes were also discarded in the extraction of gravity wave perturbation to avoid
enormously large gravity wave variance.
Our first step is to separate gravity wave perturbations from non-gravity wave
perturbations in the balloon sounding. Correctly extracting gravity waves from
these vertical profiles is essential for the validity of this study. Many studies
[e.g. Allen and Vincent , 1995] used polynomial fits to define the background and
treated the residual as the gravity waves. In Pfenninger et al. [1999], the grav-
ity waves were derived by subtracting the polynomial fits of the residuals, which
were generated by removing the background structure using a Hanning window
in time and vertical domain from raw profiles, from the residuals. These methods
were designed for different purposes and all have certain advantages and disad-
vantages. In this study, we want to separate gravity waves from both the mean
state and synoptic disturbances with a consistent criterion. Thus, we will follow
Pfenninger’s method to obtain the background information of synoptic activity,
then apply a high-pass filter to extract gravity wave perturbation. The differ-
ence of our approach from Pfenninger et al. [1999]’s is in the second step. After
removing synoptic background structure, instead of using a polynomial fit, we
use a Lanczos filter to explicitly extract gravity wave perturbation in the vertical
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wavelength range of 200 m - 5000 m. Our assumption is that each measured
profile of temperatures and winds (T, u, and v) is a simple superposition of grav-
ity wave perturbation (T’, u’, and v’) on a background (T0, u0, and v0). The
background structure includes all non-gravity wave fluctuations such as seasonal
variations and synoptic disturbances. After the quality control, the raw profiles
were smoothed temporally and vertically with a two-dimensional Hanning win-
dow to obtain the major part of the background structure. We used the same
two-dimensional Hanning window described by Pfenninger et al. [1999]
w(z, t) =


[1 + cos(piz
α
)][1 + cos(pit
β
)] −α ≤ z ≤ α,−β ≤ t ≤ β
0 elsewhere.
(3.1)
The Hanning window was applied in the time-space domain as a weighted av-
erage centered at each measurement sample. The choice of α and β affects the
residual gravity wave energy and the robustness of the background structure. In-
creasing the window widths improves the robustness to signal dropout during
winter. However, if α and β are too large, less information of synoptic distur-
bances are included. The choice of α and β is based on various experiments. We
chose different β values ranging from 3 days to 2 weeks and plotted the residual
structure in the height-time cross-section. By examining the contour of the resid-
ual structure, we find that β = 5 days removed most of the synoptic structure.
Our profile length determines the upper bound of vertical window width. Limited
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profile length requires α being relatively small comparing to the length of data.
The lower bound of α is constrained for the elimination of synoptic activity. Com-
bining the above two factors, we chose α = 2 km. After testing various values,
we found β = 5 days and α = 2 km are the most suitable half width. Although
most of the synoptic variations have been accounted for by the above smoothing,
some small synoptic structures remain in the residual profiles. This is because
on the one hand, some synoptic activities have short vertical structures and on
the other hand, synoptic activities with larger vertical scales can still have high
wavenumber components. To remove the remaining synoptic structure a low-pass
Lanczos filter was used to smooth the residual profiles obtained by subtracting
the Hanning smoothed profiles from the raw profiles. We consider the sum of this
smoothed residual profiles and the Hanning smoothed profiles as the background.
The gravity wave perturbation was defined as the raw profile subtracted by the
total background structure. To use a Lanczos filter for uniform interval, the dif-
ference between the original data and the major part of background structure
were interpolated to a grid of 20 m interval. The upside of using a Lanczos filter
rather than a Hanning window or polynomial fit is that we can know clearly which
frequencies have been filtered out. The downside of this method is that it requires
data at both ends, which makes gravity wave perturbation profile shorter than
original profiles. Lanczos filtering is a Fourier method of filtering which features
the application of “sigma factors” that significantly lessen the amplitude of the
Gibbs oscillation [Duchon, 1979]. For unit sampling interval the weight function
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is
wk =
sin 2pifck
pik
sin pik/n
pik/n
, k = −n, . . . , 0, . . . , n (3.2)
where is the cut-off wavenumber and the sinX/X term is called the “sigma fac-
tor” by Lanczos [Duchon, 1979]. Considering that most radiosondes in austral
winter can only reach 20 km even under favorable conditions, the cutoff vertical
wavelength of Lanczos filter is chosen to be 10 km. With more terms included,
the transfer function is closer to a step function. However, including more terms
also means a sacrifice in final length of smoothed series. Considering the common
profile length in the winter is mostly between 15 km and 20 km, we choose a
501-term (n=250) filter with 20 m interval. Thus, the resulting smoothed profile
will lose 5 km at each ends and will be 10 km shorter than the original profile. In
the worst case, we can still get enough gravity wave disturbance profiles between
10 km and 15 km, which guarantee a continuous time series of gravity activity
variance in the lower stratosphere. Figure 3.1b shows the transfer function of a
Lanczos high-pass filter with cut-off wavelength = 10 km. Figure 3.1 c) shows an
example of applying a Lanczos filter to the difference between the raw profile and
synoptic background. Figure 3.1 d) shows an example of gravity wave temper-
ature perturbation profile by removing the smoothed longer vertical wavelength
component. Figure 3.1 d) shows that by applying the filter, the slowly varying
part of the perturbation, which are unlikely waves, is removed from the profile.
The extracted gravity wave perturbations are mainly in the wavelength range 200
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m (limited by the noise level of the gravity wave spectrum) to 5 km (limited by
the length of the profiles).
3.3 Seasonal Variation of gravity wave Activity and
Background Atmosphere
To interpret the seasonal variation of gravity wave activity, the background at-
mospheric environment must be examined first because it strongly influences the
propagation and dissipation of gravity waves. Temperature affects the static sta-
bility, which determines the natural frequency of buoyancy oscillation, affects the
direction of propagation, vertical wavelengths of gravity waves, and may cause
wave ducting [Fritts et al., 2003]. Low stability environment is more likely to
be unstable with passing gravity waves therefore could enhance wave dissipation.
Horizontal winds can Doppler shift the intrinsic frequency and modify vertical
wavelength of propagating gravity waves. Therefore, Doppler shifting can intro-
duce apparent gravity wave activity variation observed by a certain platform when
waves outside of the observational filter are shifted into the range visible to the
observation platform, and vice versa. Under certain configuration of horizontal
wind shear, upward propagating gravity waves are selectively filtered by wave
saturation and breaking according to their phase speeds as they approach their
critical levels. Strong vertical wind shear would favor dynamical instability thus
help gravity wave to break [Nappo, 2001]. The 5-year mean background temper-
ature, wind speed and direction, and buoyancy period are shown respectively in
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Figure 3.2a, b, c and d. First, the background atmospheric fields of each year
were calculated by binning observed atmospheric variable profiles to 1 km section
and averaging over one week to deal with the fact that less data are available
above 20 km during the cold seasons. Because balloons explode at a much lower
altitude due to extreme cold temperature during winter, the measurement of at-
mospheric variables only reaches around 25 km even in favorable conditions in
winter. Though only 1-2 profiles per week can reach above 25 km, we can still
get contour up to 25 km by binning profiles to 1-week window. Then, the 5-year
mean field was obtained by averaging the yearly fields with at least three years of
data. In the lower stratosphere, the coldest temperature occurs at about 20 km
during winter whereas during summer the temperature minima occur at 8km,
the tropopause. From September to December, a warming trend moves down-
ward from the upper stratosphere. An accompanying band of short buoyancy
period moves downward during this period (Figure 3.2d). This increase of static
stability in 15-25 km may slow down the vertical propagation of gravity waves in
September and may partially explain the enhancement of gravity wave potential
energy during the spring as found by Yoshiki and Sato [2000]. This cannot ex-
plain the enhancement of gravity wave activity in 10-15 km region, where stability
decreases during austral summer and fall. Figure 3.2b shows that the wind above
25 km is generally stronger than in the troposphere, and the wind is very weak
wind in the lower stratosphere. Strong winds from the upper stratosphere extend
downward during austral winter and spring. Especially during the spring, wind
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speeds above 20 km are prominent. In the lower atmosphere, the wind direction
persists around 0 (360) degree from the North (the prime meridian).
The intensity of gravity wave activity can be represented by the variance of
temperature and wind perturbations. We first examine the gravity wave potential
energy (PE = 1
2
g2(T ′/T0)2/N
2
0
) and gravity wave kinetic energy (KE = 1
2
(u′2 +
v′2)) for each month at each 5 km segment in the altitudes of 10-25 km. g = 9.8
ms−2 is the acceleration due to gravity, N0 is mean buoyancy frequency. Only in
the lower two segments (10-15 km, 15-20 km), a continuous time series of gravity
wave KE is available throughout a year because in winter most radiosondes reach
only around 20 km. Even though for the section of 20-25 km gravity wave KE
are unavailable in four months out of a total number of 60, its mean seasonal
cycle can still be obtained for this altitude region. Figure 3.3a shows gravity
wave PE and KE averaged over 2001-2005 for each calendar month. They both
have a peak in September and a secondary peak around May, which indicates
that gravity wave activity over SP is stronger during the early winter and the
spring. Similar seasonal cycle of gravity wave activity with a secondary peak at
April was observed for waves with vertical wavelength from 2.6 km to 5.1 km by
Baumgaertner and McDonald [2007] using radio occultation profiles from GPS
in the altitude range over 13-35 km all over Antarctica. The minimum gravity
wave activity in the lower stratosphere in December and January will be further
discussed later. Figure 3.3b shows the mean gravity wave KE in 10-15 km, 15-20
km, and 20-25 km altitude range. Unlike the 10-15 km section which has peaks in
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May and September, the two higher sections only have one prominent peak around
August and September. This may be less reliable due to the fact that there were
few profiles qualified to obtain gravity wave information during the cold season as
shown in Table 3.1. The larger gravity wave KE at higher altitudes indicates the
increase of gravity wave amplitudes mainly due to the decrease of atmospheric
density. Tropopause height varies between 8 km and 10 km with indistinctive
thermal tropopause during polar nights. The strong inversion of tropopause may
contaminate the extraction of gravity wave in the altitude range of 10-15 km. To
examine its impact, we compared the gravity wave PE computed with data from
11-15 km with those from 10-15 km, and found no significant difference in both
gravity wave KE and PE. gravity wave PE in 10-15 km altitudes generally follows
trend of KE, but the peak in September is larger. Interestingly, as shown in Figure
3.3c, gravity wave PEs in two higher altitude sections are slightly weaker than
10-15 km. This decrease or non-increase of gravity wave PE with altitude below
25 km agrees qualitatively with the radiosonde analysis from Pfenninger et al.
[1999].
3.4 Gravity Wave Sources
gravity waves can be generated by various mechanisms such as flow over topogra-
phy, convection, adjustment processes from unbalanced flow, and frontal activities
[Fritts et al., 2003]. In order to alleviate strong westerly bias in the stratosphere,
orographic gravity wave forcing on winter midlatitude circulation has been treated
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in weather and climate models with parameterization of topographic gravity wave
drag for decades [McFarlane, 1987b; Palmer et al., 1986]. Flow over topography
is usually considered an important source for regions near mountain ranges. Re-
cently, generation of gravity waves by the persistent and strong katabatic wind
over topography, especially the steep ice shelves near the Antarctic coast has been
simulated using high resolution GCMs [Watanabe et al., 2006]. Through analy-
sis of superpressure balloon observation in the lower stratosphere, Vincent et al.
[2007] found generally larger gravity wave momentum flux in the lower strato-
sphere over regions with steep terrain in Antarctica. Though the topography is
relatively flat at SP, it is not too far from either coastal ice shelves or moun-
tain ranges. Thus flow over topography is a good candidate for gravity wave
sources. Spontaneous adjustment process is another important source of inertia-
gravity waves and closely related to jet streams [Sato et al., 1999; Yoshiki and
Sato, 2000]. Because frontal activities and jet streams are both associated with
baroclinic waves [Holton, 2004], it is relevant to investigate the wave sources’ re-
lation with synoptic-scale systems. Several studies have speculated that a large
portion of waves in the lower stratosphere over Antarctica are generated by plan-
etary wave breaking in the stratosphere [Hei et al., 2008] based on the springtime
maximum of both gravity wave activity and divergence of E-P flux. Since the
gravity waves in the stratosphere above SP generally propagate upward [Pfen-
ninger et al., 1999], the adjustment processes in the upper troposphere is more
important than those in the lower stratosphere to our research. It is impossible
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to clearly separate adjustment processes in jetstream and synoptic-scale systems.
In fact, several studies have simulated inertia-gravity wave generation from the
life cycle of a baroclinic wave [O’Sullivan and Dunkerton, 1995; Wang and Zhang ,
2007]. Our investigation on gravity wave generation by the baroclinic waves first
examined the correlation of gravity wave activity at SP and synoptic-scale sys-
tems, then looked more closely into the relationship between gravity wave activity
and unbalanced field. Convection is virtually absent in the polar region and thus
is not considered a candidate of generation mechanism for waves over SP.
3.4.1 Synoptic-Scale System and Adjustment Process
Synoptic-scale systems can generate gravity wave through various mechanisms.
Upper-level jet-front systems are usually associated with baroclinic waves and gen-
erate inertia-gravity waves through spontaneous adjustments in unbalanced flow
[O’Sullivan and Dunkerton, 1995]. Mesoscale gravity waves frequently present in
the vicinity of jet streaks and to the cold air side of a surface front according to
the examination of 13 observed tropospheric gravity wave events by Uccellini and
Koch [1987]. Yoshiki et al. [2004] discussed the gravity wave enhancement in a
height region of 13-15 km in association with disturbed potential vorticity (PV)
fields possibly including synoptic-scale systems. A case study of gravity waves
generated by PV disturbances was made by Shibata et al. [2003]. Additionally,
strengthened low-level wind caused by synoptic-scale systems can enhance the gen-
eration of gravity waves by flow over topography especially over steep terrains in
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the coastal regions of Antarctica. Frontal activity and wind shear associated with
a synoptic-scale weather system can also contribute to gravity wave generation.
Therefore, the large-scale flow characteristics related to synoptic-scale systems
are relevant to the variation of gravity wave activity over SP. In this section, the
relationship between synoptic-scale systems and gravity wave activity over SP are
investigated. First, we evaluated the importance of local synoptic-scale systems at
SP to the gravity wave activity in the stratosphere at SP using radiosonde data.
The synoptic disturbances in troposphere over SP are extracted by applying a
3-10 day band-pass Lanczos filter on twice-daily data from original radiosondes
profiles with interpolation applied during winter time when observation was con-
ducted once daily. The monthly synoptic activity at SP is represented by the
variance of these temperature disturbances for each month. We found that at SP,
the correlation between synoptic variance in the troposphere and gravity wave
variance in 10-15 km is relatively small, only 0.14. This is because low-frequency
gravity waves generated in the troposphere at SP are likely to propagate away
from SP, thus would not be strongly correlated to the gravity wave variance ob-
served directly above SP in the stratosphere. Orographic waves generated at SP
are directly related to surface wind speed and filtered by background wind-shear,
which is not directly affected by synoptic activities there. In addition, since a sub-
stantial portion of gravity waves observed at SP are likely generated by nonlocal
sources, examining synoptic-scale systems in a broader region over Antarctica is
more relevant. Our approach is to use the NCEP Reanalysis daily average data
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[Kalnay et al., 1996]. to obtain information on synoptic activities by calculating
the variance of geopotential height over the latitudes 90S-60S. NCEP Reanalysis
data is on 2.5◦ × 2.5◦ grids from 0E to 357.5E and 90S to 90N at 17 pressure
levels from 1000 hPa to 10 hPa. In order to remove high-frequency noise and low-
frequency waves, the synoptic disturbances of geopotential height are calculated
by applying a 3-10 day band-pass Lanczos filter on the time series of geopotential
height on 700-300 hPa pressure levels for each grid point in 90S-60S latitudes.
The variance of synoptic disturbance for each month at each grid point forms
a time series representing the strength of synoptic activities therein. First, to
investigate the relationship between gravity wave activity over SP and synoptic-
scale systems in the troposphere in the Antarctic, the correlation between gravity
wave series at SP and synoptic activity over the Antarctic were computed for
each grid point. The correlation maps between gravity wave kinetic energy (KE),
temperature variance in the altitude range of 10-15 km and synoptic activity over
Antarctica are shown in Figure 3.4a and b. Obviously, these two maps differ
substantially. This is likely because gravity wave temperature perturbation and
gravity wave wind perturbation are sensitive to different parts of gravity wave
spectrum. gravity wave temperature perturbations are more sensitive to waves
with higher intrinsic frequencies. This may also be due to the change in static
stability since according to linear gravity wave theory, it is gravity wave potential
energy, not gravity wave temperature variance, that is proportional to gravity
wave KE. Generally, gravity wave KE demonstrates higher correlation, especially
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in regions further away from the pole. gravity wave temperature variance has
relatively higher correlation in regions close to SP, though the correlation is lower
than gravity wave KE. gravity wave temperature variance at higher altitudes has
much smaller correlation while gravity wave KE still has relatively higher correla-
tion over regions far away from the Pole (not shown). Lower correlation for both
gravity wave KE and gravity wave temperature variance at higher level may be
due to the fact that gravity waves in the middle stratosphere are further away
from their source region thus are affected by many other factors such as filtering,
dissipation, and additional gravity wave sources in the stratosphere. Based on
the above observation, we will focus on the relationships between gravity wave
KE in the lowest section (10-15 km) and synoptic activities. For gravity wave KE
in 10-15 km, three high correlation strips extend to the coast of Antarctica along
approximately 0 E, 90 W, and the east side of the Antarctic Plateau between 120
E and 150 E. Between 15-20 km, high correlation regions are further away from
the pole over the southern oceans with relatively lower correlation comparing to
10-15 km. This is interesting because it may indicate that gravity waves at higher
altitudes over SP are more likely generated from lower latitudes, possibly from
adjustment process of jet streams.
However, high correlation does not mean a causal relationship. If two variables’
annual cycles, which can be determined by many factors, are in phase, they will
have a high correlation. To verify that the high correlation between gravity wave
KE at SP and synoptic activity in some regions are not due to their in-phase an-
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nual cycles, the correlations with gravity wave KE was recalculated after removing
the mean annual cycles from both gravity wave KE variance and synoptic activity,
and are shown in Figure 3.4c. Though the correlation drops a little, the pattern
is similar to the previous correlation map with annual cycle retained. Although
the annual cycles of two variables help in part to produce high correlation, the
high correlations are partly due to intraseasonal variation and likely have some
physical implications of gravity wave source distribution and propagation prefer-
ence rather than just a manifestation of synchronous annual cycles. There are two
possible explanations for the high correlations in these regions. One is related to
gravity wave source distribution. It is possible that the high-correlation region is
where most gravity waves at SP are generated, either by wind blowing over the
topography near the coast of Antarctica, or by sources in the upper troposphere
associated with the synoptic disturbances. The distribution of topographic vari-
ance (not shown) shows that these regions are not outstanding compared to other
coastal areas. The synoptic activities over these regions are also not prominent
compared to the other locations around Antarctica at the same latitude accord-
ing to the mean variance of geopotential height shown in Figure 3.4d. There are
relatively higher geopotential height variances in high correlation regions compar-
ing to the minimum correlation region over the center of the Plateau. In Figure
3.5a, Empirical Orthogonal Function (EOF) analysis of synoptic variance shows
that EOF 1st component, which explains 31.5% of variance, has the strongest
correlation (0.45) with gravity wave KE variance. The EOF 1st component basi-
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cally resembles the distribution of synoptic variance over Antarctica, with a large
weight over the southern oceans in the western hemisphere. The pattern of EOF
1st component does not resemble the correlation map, which shows that the three
high correlations regions are independently related with gravity waveKE at SP.
If, on the other hand, the patterns were the same, it could be that the gravity
waves were related to the synoptic activity at one location and the rest of the
pattern rises from high inter-correlation among these three regions. However,
based only on the distribution of synoptic activities, it cannot explain why the
correlations are higher at only those three regions rather than following the pat-
tern of the mean synoptic activity distribution. With limited information on the
background atmospheric structure, the distribution of gravity wave sources and
the intermittence of gravity wave generation, it is difficult to resolve the causes
of higher correlation of gravity wave KE with synoptic activities in these regions.
The first component of EOF explains 31.6% of total variance; the second compo-
nent explains 9.5%. EOF 1 of synoptic activity is a good representation of overall
contribution of synoptic-scale systems. We can use it as a proxy to get the infor-
mation of variation of synoptic activity over 90S-60S. The time series of EOF1 has
a minimum in summer (December, January and February) which indicates that
synoptic activity is weak in summer and so is wave generation by synoptic activ-
ity. The time series of EOF1 of synoptic activity also has two peaks in April and
August, which is not identical to gravity wave KE’s peaks, indicating that other
factors affect the strength of gravity wave activity over SP other than synoptic
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activities over Antarctica. Interestingly, gravity wave potential energy derived
from GPS radio occultation data 60S-90S also has a peak for gravity waves with
vertical wavelength ¡ 5km in April [Baumgaertner and McDonald , 2007].
The other possible explanation is related to wave propagation. It is possible that
the background atmosphere, in particular the background wind, favors the waves
generated in the high correlation region to propagate to the lower stratosphere
over SP. To explore the possible propagation scenarios of gravity wave from tro-
pospheric sources to the lower stratosphere over SP, ray-tracing experiments were
conducted using GROGRAT with some modification. The original GROGRAT
model [Marks and Eckermann, 1995] was not designed for waves to propagate
long horizontal distance and does not include the effects of the Earth’s curvature.
In order to do ray-tracing from troposphere to lower stratosphere close to the
poles, the curvature of the sphere must be considered. Using monthly mean at-
mospheric temperature, geopotential height, and wind from NCEP reanalysis data
as the background field, ray-tracing experiments for each month of 2001-2005 were
performed. gravity wave rays were released at 14 km above the pole and traced
back in time for at most five days. For the choice of intrinsic frequency of the
waves, we have several considerations. First, there have been various researches
showing near inertial frequency gravity waves’ existence in the lower stratosphere
[Angell , 1962; Thompson, 1978; Sato et al., 1999; Nastrom and Eaton, 2006]. Es-
pecially, in the model study by Sato et al. [1999], the spectral peak around inertial
frequency is indicated as a function of latitude. Second, radiosonde observation is
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most sensitive to low-frequency wave partly because high-frequency waves having
large vertical wavelength, tend to be removed as background in our extraction
of gravity wave perturbation. In addition, high frequency waves propagate more
vertically, which makes them less likely to originate from regions far away from SP.
Therefore, in our ray-tracing experiments, wave parameters were specified to be
low-frequency waves with intrinsic frequency ranging from 1 f (Coriolis parameter
or inertial frequency) to 4 f. As for the vertical wavelength, power spectrum of
gravity wave perturbations extracted from SP radiosonde shows that wave energy
is much larger in wavelength larger than 1 km than shorter wavelengths. Thus,
the vertical wavelength of the gravity wave rays in the experiments ranges from
400 m to 4 km. The upper limit of the wavelength is chosen to be close to the
cutoff wavelength of our method of extraction of gravity wave perturbation. For
each month, about 400 ray-tracing experiments were conducted with permutation
of these wave parameters. We define the source of gravity wave as the location
where gravity wave rays were traced back to the lower troposphere, but we found
no preferred region of gravity wave sources. However, as shown in Figure 3.6, the
ray-tracing experiments showed that wave propagation from the lower latitudes
into SP is difficult in December and January. The percentage of gravity wave rays
successfully reach South Pole from lower altitudes (north of 85 S) are generally
high from May to October with peaks at June and October. This annual cycle is
different from both gravity wave activities over SP and EOF 1 of synoptic activity
over Antarctica, especially from April to October. Thus, the minimum of gravity
wave activity in summer coincides with minimum generation of gravity wave by
synoptic-scale systems and unfavorable propagation condition for inertia-gravity
wave from lower latitudes. It should also be noted that gravity waves are actu-
ally propagating in an ever-evolving real atmosphere that is much more complex
than our monthly mean reanalysis field. Therefore, the propagation preference
can differ from day to day.
Since a large part of gravity wave generation associated with a synoptic-scale
system is by adjustment process in the jet stream level in the upper troposphere,
we look more closely into adjustment process. In an adjustment process, an
unbalanced flow relaxes to a new balanced state through both a redistribution
of mean momentum, energy, and potential vorticity and a radiation of excess
energy away as inertia-gravity waves [Fritts et al., 2003]. It was often termed
as “geostrophic adjustment”, though the balance need not be geostrophic. Jet-
streams have been repeatedly noted to generate inertia-gravity wave in the vicinity
of unbalanced regions in various observational [Guest et al., 2000; Hitchman et al.,
2003; Plougonven et al., 2003; Uccellini and Koch, 1987] and numerical simula-
tion studies [O’Sullivan and Dunkerton, 1995; Zhang , 2004]. In these studies,
the preferred generation regions were found to be in the jet streak flow upstream
ridge/trough and downstream trough/ridge. The excitation mechanism of gravity
wave generation is considered as the adjustment process from unbalanced state.
Here, rather than looking into one specific wave event’s relationship with its syn-
optic setting of jet stream, we examined gravity wave activity’s relationship with
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adjustment processes on a monthly mean basis. Ageostrophic motion is a good
representation of gravity waves or unbalanced region with potential to generate
waves. Because synoptic-scale divergence field is mostly related to ageostrophic
motion, divergence field at upper troposphere and lower stratosphere is a reason-
able proxy for gravity wave generation by geostrophic adjustment. The divergence
field is calculated on 300 hPa pressure level at each 2.5◦×2.5◦ grid using NCEP 4
times daily reanalysis data for every 6 hours. The monthly mean absolute value of
divergence at each grid point represents the strength of ageostrophic motion over
a month. The correlation map of gravity wave KE with monthly mean absolute
divergence field at 300 hPa is presented in Figure 3.7a. The highest correlation
coefficient is 0.72 at about 90W along the coast of Antarctica with a large area of
high correlation ( 0.5-0.6) extending pole ward, where is also a high correlation
region with the synoptic activity. As expected, the correlation map of gravity
wave KE with divergence field is different with that with synoptic activity since
adjustment processes do not always collocated with synoptic-scale systems. High
correlation between gravity waveKE and geostrophic adjustment implies gravity
waves detected in the lower stratosphere by radiosonde contains a substantial por-
tion of gravity waves generated by this mechanism. After removing the annual
cycle, the correlations drop dramatically with a maximum of 0.36. As we have
done for synoptic-scale systems, it is unlikely we can determine the cause of high
correlation at the hot spots. Using the wave parameters inferred from hodograph
analysis, gravity waves detected at SP can be traced back to a jet stream close to
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the pole using corresponding background atmospheric condition on several cases
examined (not shown). EOF 1 of the divergence field at 250 hPa is shown in Fig-
ure 3.7b. Time series of EOF 1 of the divergence field, which explains 42.1% of
total variance, has a higher correlation of 0.64 with gravity wave KE than synop-
tic activity and also has a minimum in the summer as shown in Figure 3.8, which
again shows that gravity waves generated by adjustment processes is also at min-
imum in the summer. Stronger correlation with gravity wave KE than synoptic
activity indicates that a large portion of inertia-gravity waves over SP is generated
by adjustment processes. In addition, it implies that adjustment processes at jet
stream level may be the primary mechanism of gravity wave generation associated
with synoptic-scale systems. Polar-front jet is close to Antarctica in the winter
thus wave generation near the pole is much larger. During the summer, the mean
jet location is around 30S and the waves generated by jet stream are unlikely to
propagate into the pole. The midwinter secondary minimum of gravity wave KE
may be because that the strong westerly associated with the strong polar vortex
inhibits the upward propagation of planetary waves, which in turn decreases the
generation of gravity waves by adjustment process in the polar night jet. Another
note is gravity waves generated by adjustment processes have various propaga-
tion direction and are unlikely be fully filtered by background winds. At higher
altitude we can find that the annual cycle of gravity wave KE (Figure 3.3b is very
similar to EOF1 of divergence field (figures not shown).
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3.4.2 Topographic Gravity Wave
Flow over topography has been studied extensively as a source of gravity waves.
Over mountain ranges, gravity wave variance is usually noticeably larger than
regions with smooth terrain [Fritts and Nastrom, 1992]. Though the topography
is relatively flat at SP, there are steep terrains near the coast of Antarctica and
along the Transantarctic Mountains. Yoshiki and Sato [2000] found that in the
Antarctica’s coasts gravity wave activity is less correlated with low-level wind than
stratosphere winds, indicating that possible source of gravity waves in Antarctica
is in lower stratosphere. Critical-level filtering rather than weak topographic grav-
ity wave generation was found to be the cause of low correlation between low-level
wind speed and gravity wave in the lower stratosphere. Vincent et al. [2007] ana-
lyzed measurements made by quasi-Lagrangian superpressure balloon suspended
at 18 km over the Arctic and Antarctica to estimate gravity wave momentum
flux and found generally larger gravity wave momentum flux over regions of steep
terrains with waves deduced from quasi-Lagrangian superpressure balloon data.
Vincent et al. [2007] attributed the larger gravity wave momentum flux over re-
gions with larger topographic gradient to topographic generation of gravity waves.
In his analysis, Eastern Antarctica and coastal regions are categorized as regions
with steep terrain by the threshold of topographic gradient 15m/km and SP is
right on the boundary of such region. Thus, gravity waves generated by topogra-
phy are at least not negligible near SP though its terrain is not as rugged as the
coastal areas.
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We first examine the correlation of surface wind speed at SP with gravity wave
KE using radiosonde data and surface wind observation at SP. The gravity wave
KE at 10-15 km correlates well with the surface wind speed at SP with correlation
coefficient of 0.64 as shown in Figure 3.9. There is also some interannual variation
of gravity wave KE as shown in Figure 3.9: gravity wave KE is stronger in 2001,
2002, and 2005. Figure 3.10 shows the mean surface wind speed from surface
wind observation and the altitude at which the mean wind direction is shifted 120
degrees from the wind direction at 1 km above ground using radiosonde data. As
shown by Figure 3.10, surface wind speed at the SP has a strong correlation with
gravity wave KE in the lower stratosphere (10-15 km), especially in late winter
and early spring where peaks of surface wind speed always coincide with peaks of
gravity wave KE. This implies some portion of the gravity waves during winter and
early spring, especially in September, may be generated from flow over topography
close to the SP. The wind vector rotation with altitude acts as filter for topographic
waves as the wind component in the wave propagation direction approaches the
ground phase speed of gravity waves, which is 0 for mountain waves. Above 15 km
there is always wind direction rotation of more than 120 degree from the surface
wind direction from February to October, thus topographic waves are filtered due
to critical layer and cannot reach altitudes above, which explains the difference
between annual cycles of gravity wave KE of 10-15 km and 15-25 km. From
December to January, topographic gravity wave generation is weak because of
weak surface winds. Together with unfavorable background atmospheric condition
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for wave propagation, the gravity wave activity in the lower stratosphere reaches
its minimum. Surface wind speed is enhanced from March to September with a
relatively slow period in June. gravity wave KE at SP is at its maxima around May
and September when topographic wave generation is enhanced and background
atmosphere favors their propagation. Hodograph analyses were conducted for all
proper profiles chosen (about half of the total) using the method in the article of
[Wang et al., 2006]. A proper profile has at least 4 km gravity wave perturbation
profile in the 10-15 km altitude range, and the spectral peaks of each variable (T’,
u’, v’) are close to each other in terms of wavelength. For each profile, the strongest
wave packet is identified by S-transform and analyzed to infer wave parameter.
From hodograph analyses, the vertical wavelengths inferred for gravity waves are
concentrated in 1-2 km and the intrinsic frequencies range from 1f to 4f. Previous
studies have shown that mountain waves generally have vertical wavelengths much
longer than 1-2 km [e.g. Ern et al., 2004]. The discrepancy can be explained at
least partially by the observational filtering. In our study, gravity waves with
wavelength longer than 5 km are precluded by filtering process, and radiosonde
data mostly observe inertia-gravity waves. In contrast, Ern et al. [2004]’s analysis
is based on space observation which can only observe the gravity waves with
vertical wavelength longer than 5 km and horizontal wavelength longer than 400
km. The ratio of vertical to horizontal wavelength is on the order of f/N '
1/100(eg., intrinsic frequency ω = 1.4f, f = 10−4s−1, N = 10−2s−1) for inertia-
gravity waves [Fritts et al., 2003]. Most of their observations near Antarctica were
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around 60 S and composed of gravity waves with horizontal wavelength around
1000 km, even if they are all inertia-gravity waves, it is hard to find inertia-
gravity waves with vertical wavelengths close to 5 km because their horizontal
scales are large and the typical vertical/horizontal wavelength ratio of inertia-
gravity waves . From our hodograph analysis, the mean horizontal wavelength
from April to October is 60 km and 120 km during the rest of the year. Keeping
the large uncertainty of hodograph analysis in mind [Zhang et al., 2004], the mean
wavelength falls into the range of typical horizontal wavelength of mountain waves.
The short mean horizontal wavelength indicates that a substantial portion of
waves during the winter season may be generated from flow over topography close
to the Pole. Indeed, due to the consistency of surface wind direction and strong
wind speed near SP, the intermittence of wave generation by this mechanism is
relatively smaller than those associated with synoptic activity. Direct observation
of orographic wave generation and propagation is crucial for the verification of its
role in the lower stratosphere near SP. More observations and mesoscale numerical
modeling studies are needed to solve this uncertainty.
3.5 How Background Atmosphere Affects gravity wave
Energy
The seasonal variation of gravity wave potential energy derived from GPS radio
occultation data 60S-90S is similar to that of gravity wave KE at SP derived from
balloon data, except the peak for gravity waves with vertical wavelength < 5 km
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from GPS data is in April [Baumgaertner and McDonald , 2007]. This implies that
gravity wave KE at SP is a good representation of gravity wave activity in the
neighboring regions. Using ray-tracing experiments and background atmosphere
from reanalysis data, Alexander and Vincent [2000] showed that the background
atmosphere alone could produce similar seasonal cycle of observation of gravity
wave activity in the tropical lower stratosphere with gravity wave sources of no
seasonal variation. In this section we will investigate if the variation of gravity
wave KE in the stratosphere can be simulated by considering only the seasonal
variation of background atmosphere. To explore this possibility, uniform sources
without seasonal variations are placed over regions close to the Pole and the ray-
tracing experiments were conducted using monthly mean background atmospheric
condition. The source altitude is chosen to be 4 km considering the elevation of
the inland of Antarctica. For the experiment of each month from 2001 to 2005,
the background atmosphere is the monthly mean state from NCEP reanalysis
data. The source spectrum is specified as Gaussian source type as in the article
of Alexander and Vincent [2000] with background wind set to be 0. The shape of
the source spectrum is described by
B0(3) = ±Bm exp[−(c/cw)2 ln 2] (3.3)
B0 is the momentum at a specific phase speed in m
2/s2. c is the ground based
phase speed and varies from -30 m/s to 30 m/s with 2m/s interval. Bm is the mo-
mentum flux at the peak amplitude and is set as 0.3 m2/s2. cw = 15 m/s, specifies
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the source spectrum width in terms of phase speed. The waves in the 10-15 km
altitude range with vertical wavelength between 200 m and 5 km were counted
in the calculation of simulated gravity wave KE to account for the observational
filter of our analysis of radiosonde data. As shown in Figure 3.11, the simulated
gravity wave KE in the lower stratosphere reaches its minimum in January and
February, and peaks in April and October with relatively low gravity wave KE in
May. Note that only the relative value of simulated gravity wave KE is meaning-
ful since the absolute value depends on the strength of the source which is set by
the experiments. Though the observed gravity wave KE from balloon data agrees
with the simulation well with stronger KE in winter and weaker KE in summer
it differs from the simulation in that it peaks in May and September, and has a
secondary minimum around July as shown in Figure 3.11. These differences from
the simulated gravity wave KE indicate that the background atmosphere cannot
be the solely responsible for the variation of gravity wave KE in the lower strato-
sphere near SP. gravity wave source variation during the austral winter and spring
in Antarctica such as those related to synoptic activity is important to interpret
the seasonal variation of gravity wave KE in the lower stratosphere over SP.
3.6 Conclusion and Summary
Five-year high-resolution radiosondes data were processed to obtain the gravity
wave characteristics in the lower stratosphere over South Pole. Our results show
that gravity wave perturbations in the lowermost section (10-15 km) are strongest
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in May and September and weakest in the austral summer, whereas in the alti-
tude range of 15-25 km, strongest gravity wave energy is observed only around
September. Our analysis suggests that this may be due to topographic waves that
contributed to the peaks of gravity wave KE around May and September in 10-15
km. However, at higher altitudes, due to critical-level filtering, topographic waves
cannot propagate upward, which makes the shape of gravity waveKE seasonal
variation closer to thatl of adjustment process. We also explored the relationships
between the gravity waves and the synoptic-scale variations in the troposphere and
ageostrophic motion in the upper troposphere, which are expected to be signifi-
cant mechanisms for gravity wave generation. No preferred region was identified
as hot spot of wave sources. Synoptic activity and the adjustment processes asso-
ciated with it possibly determine the basic seasonal cycle of gravity wave variance:
stronger in winter, weaker in summer. Further study are needed to verify the gen-
eration of waves from relatively small topography, especially numerical modeling
studies. Ray-tracing model was used to explore the relationships between gravity
wave propagation and background field. The background atmosphere also showed
an unfavorable condition in January and February for both horizontal propagation
of waves from lower latitudes and upward propagation of waves inside Antarctica.
The seasonal variation of background atmosphere cannot explain the seasonal
cycle of gravity wave KE based on the results from the ray-tracing modeling of
constant gravity wave sources with monthly background atmosphere. Thus, the
minimum of gravity wave activity at the SP in the austral summer may be due
59
to the combination of weaker generation from synoptic activity, adjustment pro-
cess, topographic generation and unfavorable background field for gravity wave
propagation. The secondary minimum in June may be due to the weaker synoptic
activity and topographic generation. During that time, the strong polar vortex
that inhibits upward propagation of planetary waves may also reduce the wave
generation in the upper-troposphere and lower stratosphere.
3.7 Figures
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Figure 3.1: (a) Examples of temperature profiles of the first day of each month
of 2003. Each profile are shifted 20 C additionally except the first profile. (b)
Transfer function of Lanczos high-pass filter with cut-off wavelength = 10 km. It
is what remains after the difference between raw profile and the basic
background structure smoothed by low-pass filter with cut-off wavelength = 10
km ; (c) The dashed curve is the smoothed profile of the difference (solid curves)
between original temperature profile and the synoptic background of 1200Z,
January 30th, 2003 using Lanczos filter. (d) Gravity wave temperature
perturbation profile of 1200Z January 30th, 2003, which is the solid curve minus
the dashed curve in c).
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Figure 3.2: (a) Mean height-time temperature structure from 2001 to 2005 over
the South Pole. Notice that there is a warming trend descending from upper
stratosphere to lower stratosphere from September to December. b) Mean
height-time wind speed component structure from 2001 to 2005 over the South
Pole. (c) Mean height-time wind direction structure from 2001 to 2005 over the
South Pole. Defining 0E meridian as true north, the wind direction is defined as
the angle from 0E: if wind comes from 0 E/90 E/ 180 E / 90 W, its angle is 0,
90, 180, 270 degree, respectively. (d) Mean height-time buoyancy period
structure over 1993-2005 over South Pole. There is an increase of buoyancy
frequency propagating from upper stratosphere corresponding to the
propagating temperature structure.
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Figure 3.3: (a) The mean gravity wave PE and gravity wave KE at 10-15 km
over the South Pole during 2001-2005. (b) The mean gravity wave KE at 10-15
km, 15-20 km, and 20-25 km over the South Pole during 2001-2005 (c) as in (b)
for gravity wave PE.
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Figure 3.4: (a) Correlation between gravity wave temperature perturbation
variance at 10-15 km over the South Pole and synoptic geopotential height
variance over and around Antarctica. (b) Same as (a) except for gravity wave
KE instead of temperature variance. (c ) Same as (b) but with mean annual
cycles removed. (d) 2001-2005 mean geopotential height variance (m2)
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Figure 3.5: (a) EOF1 of synoptic variance. The pattern is close to the
distribution of mean synoptic variance. (b) Time series of EOF1 of synoptic
variance and observed gravity wave KE. The peaks of the time series of EOF1 of
synoptic variance lead those of gravity wave KE.
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Figure 3.6: The percentage of gravity wave rays that can be traced back to
regions north of 85 S. Higher percentage during winter and in October indicates
favorable background atmosphere for horizontal propagation of gravity waves.
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Figure 3.7: (a) The correlation map of gravity wave KE and monthly mean
divergence field at 300 hPa. Highest correlation is 0.72. The line denotes the
0.01 significance level. (b) EOF 1 of monthly mean divergence field.8
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Figure 3.8: Time series of EOF 1 of monthly mean absolute divergence field and
gravity waveKE at 10-15 km.
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Figure 3.9: The gravity wave KE and surface wind speed time series at the South
Pole. The correlation coefficient between them is 0.64. The peaks of exceptional
large surface wind speed coincide with the peaks of gravity wave KE. 4
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Figure 3.10: The solid line denotes the altitude of wind direction shifts larger
than 120 degree from the dominant direction of wind of the lowest 1km (toward
the Pole along 30W). The dashed line denotes the surface wind speed averaged
from hourly observation.
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Figure 3.11: Mean simulated gravity wave KE with uniform wave source and
monthly background atmosphere from 2001 to 2005 and gravity wave KE
observed by radiosondes.
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Altitude Jan Feb Mar Apr May Jun July Aug Sept Oct Nov Dec
10-15 km 61.4 50.0 32.2 26.2 11.6 10.0 8.2 13.4 13.8 43.6 62.0 62.0
15-20 km 60.0 48.2 27.4 9.0 8.2 7.8 6.4 11.0 11.8 38.4 62.0 62.0
20-25 km 56.2 45.2 18.6 2.0 2.0 2.2 2.2 3.0 4.8 28.8 56.6 57.8
Table 3.1: Average number of profiles per month qualified for obtaining gravity
wave information in different altitude ranges in 2001-2005. The data loss due to
the filtering process in gravity wave extraction has been included.
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CHAPTER 4
GRAVITY WAVE CHARACTERISTICS
OBSERVED OVER MAUI
Short-period gravity waves (wave period shorter than one hour) make major con-
tributions to the gravity wave momentum budgets at mesopause altitude [Fritts
and Vincent , 1987]. Though this part of gravity wave spectra is difficult to be
observed by other instruments, they are observable through imaging of airglow
layers in the Mesopause-Lower-Thermosphere (MLT) region. OH airglow layer
on average resides at 87 km altitude with thickness of about 10 km. OH airglow
imager detects the wave induced perturbations of the intensity of OH airglow
layer. Wave characteristics such as horizontal wavelengths and phase speeds can
be retrieved through the spectral analysis of the variation of airglow intensity. OH
airglow imager is capable of detecting high-frequency gravity waves with periods
shorter than one hour and vertical wavelength larger than the mean depth of OH
airglow layer (∼10 km). Gravity waves often appear in the OH airglow images as
quasi-monochromatic (QM) waves due to wave dispersion and filtering process in
the lower atmosphere, which makes them relatively easy to be identified through
spectral analysis. Typical horizontal wavelengths of gravity waves observed by
airglow imager in the MLT are between ∼20 km and ∼100 km. Phase speeds are
from ∼30 ms−1 to ∼100 ms−1. Intrinsic wave periods range from 5 minutes to
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several dozen minutes with the majority is around 10 minutes [Taylor et al., 1997;
Swenson et al., 2000; Hecht et al., 2001; Ejiri et al., 2003; Medeiros et al., 2003;
Tang et al., 2005c; Pautet et al., 2005; Nielsen et al., 2009].
Seasonally preferred propagation directions observed by airglow imagers have
long been reported by various researchers [Taylor et al., 1993; Hecht et al., 2001;
Ejiri et al., 2003; Hecht et al., 2004; Dou et al., 2010]. In this chapter, the seasonal
change of preferred wave propagation direction over Maui is investigated using 6
years of OH airglow imager data. The long data archive enables us to achieve
robust climatology.
Tidal modulation of gravity wave induced mean flow acceleration was suggested
by Walterscheid [1981]. Diurnal modulation of gravity wave momentum fluxes
have long been observed by radar in the MLT region [Fritts and Vincent , 1987].
Espy et al. [2004] reported semi-diurnal oscillation in momentum fluxes inferred
from sodium (Na) airglow imager. In this chapter, the modulation of momentum
flux by background mean wind, especially diurnal tidal wind, is investigated.
Finally, the seasonal variation of wave occurrence frequency observed over Maui
are investigated in two aspects: convective source variation and propagation effect.
4.1 Wave Characteristics
Airglow imager observation relies on the dominance of intensity in the spectral
range of airglow by the airglow emission. Favorable observation conditions are de-
fined as nights with no moon or cloud cover. There are 513 nights of observation
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from 2002 to 2007 with at least one hour favorable observation time. The number
of nights with favorable observation condition for each month is summarized in
Figure 4.1. For the majority of the months, we have more than 30 nights with
favorable condition except for January and December. Especially in December,
the total length of observation time is even shorter than what the number of favor-
able nights indicates since only a few nights have favorable conditions throughout
the nights. Therefore the climatology of gravity wave statistics for December is
the least reliable due to its small sample size. Each sequence of three images
with time interval of two minutes are analyzed as a group. A wave persisted dur-
ing the six minute time interval was considered a wave event. Analysis of these
images reveals 9991 waves with persistence longer than 6 minutes. Wave event
lasts longer than 6 minutes would be counted as several waves in our analysis
with slightly varied wave characteristics. Several wave events in our analysis may
only be counted for one event in other studies. The wave occurrence frequency
is defined by the number of persistent waves with relative intensity perturbation
larger than 1% over the number of observation interval (6 minutes). The time
and month distribution of wave occurrence frequency is shown in Figure 4.2.
When comparing our results with other studies, several differences should be
noted. First, there are wave-like structures traveling with the same speed of back-
ground wind which have intrinsic phase speed close to zero. These non-gravity
wave structures are largely damped by applying correction on Doppler-shifting by
background wind and using TD images in our analysis while are included by most
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of the references, thus our study would count less waves comparing to others.
Second, many studies involve subjectively identifying wave fronts, whereas in our
analysis QM gravity waves are extracted by spectral analysis. There are more
waves from April to July and December with occurrence frequencies more than
50%. Less waves are observed from January to March with occurrence frequency
lower than 30% most of time. Comparing to some studies [Ejiri et al., 2003; Dou
et al., 2010], our results show a stronger seasonal variation. The abundance of
gravity waves during late spring and early summer is not associated to convection
occurrence frequency and precipitation. Figure 4.3 shows the average convective
pixel count as a function of month from TRMM (The Tropical Rainfall Measuring
Mission) satellite for both a 6◦ × 6◦ domain and a 20◦ × 20◦ domain centered at
Maui. The pixel count is number of convective pixels in a 0.5◦ × 0.5◦ grid box
observed by TRMM satellite in a month, which indicates the frequency of convec-
tion. The ratio of vertical group velocity to horizontal group velocity is proportion
to the ratio of vertical wavelength and horizontal wavelength, which is related to
wave frequency: higher frequency corresponds to larger ratio. Since the waves
observed on airglow imager are high frequency gravity waves, their propagation
path is steep. Unless ducted, these waves propagate less than about 300 km hor-
izontally when they reach the MLT. Thus the smaller domain is representative
for local convective sources. The larger domain is for the consideration of ducted
gravity waves, which can travel much longer distance horizontally. The peak of
wave occurrence actually corresponds to a time of less convection and convective
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precipitation in both local region and the larger domain centered at Maui.
The convective source variation does not correlate well with gravity wave oc-
currence frequency observed in the OH airglow layer over Maui. This invites
further investigation of the cause of variation of gravity wave activity. This will
be discussed in section 4.3
In Figure 4.4 the horizontal wavelength histogram shows that horizontal wave-
length (Lh) ranges from 10 km to 125 km and peaks in 15-30 km. This is consistent
with previous studies [Taylor et al., 1993; Swenson et al., 2000; Hecht et al., 2001;
Ejiri et al., 2003; Hecht et al., 2004; Dou et al., 2010]. The abundance of waves
in the range of 15-30 km has some implications on wave source and generation
mechanism. Several modeling studies have reported that the peak horizontal
wavelengths in the momentum flux spectra of gravity waves generated by convec-
tion are in this range [e.g. Lane and Moncrieff , 2008]. Though typical horizontal
wavelengths are found to be 20 to 30 km from various previous studies, the char-
acteristic horizontal wavelength at some sites are longer, ranging from ∼50 to
∼80 km [Suzuki et al., 2004, 2007]. Short horizontal wavelengths also correspond
to short intrinsic wave periods, 94% of waves with horizontal wavelength <20
km have intrinsic wave period shorter than 10 minutes. gravity waves with short
horizontal wavelengths are also more affected by background wind comparing to
large horizontal wavelength waves since the modification of intrinsic phase speed
is proportional to horiozntal wavenumber.
Intrinsic phase speeds are inferred from wave phase progression between two
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consecutive Doppler-shifted TD images. Figure 4.5 shows intrinsic phase speed
(C) peaks around 70 ms−1 with majority of the waves in the range of 50 to 90
ms−1. Intrinsic phase speed varies as a gravity wave propogate through the mean
flow. Thus, it is important to examine how observed phase speeds (the phase
speeds relative to the ground observer) distribute. Observed phase speed (Cg) is
calculated by adding the background wind’s projection on the wave propagation
direction to the intrinsic phase speed. Figure 4.6 presents the histogram of ob-
served phase speed, which shows a broader distribution with majority of waves in
the range of 30 to 70 ms−1. The fact observed phase speeds are generally less than
intrinsic phase speeds indicates the majority of gravity waves propagate against
background wind. The nearly absence of waves with observed phase speeds close
to zero is consistent of critical-layer filtering by lower level winds which often
switch signs in both zonal and meridional directions with altitude below OH air-
glow layer. The observational limitation of airglow imager does not prohibit the
observation of zero phase speed waves if they can reach the airglow layer.
Intrinsic wave periods (T ) are derived from horizontal wavelengths and intrinsic
phase speeds. In Figure 4.7 intrinsic wave period histogram shows short-period
waves dominate the distribution. Especially waves with intrinsic periods shorter
than 10 minutes account for 77% of the total. Intrinsic wave period distribu-
tion strongly skews toward short period and tails off very fast as wave period
increases. Most of the waves have wave periods shorter than 30 minutes. High-
frequency gravity waves tend to have larger vertical wavelengths because they
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suffer little cancellation effect and are favored in imager observation. The major-
ity (>80%) of the waves observed are not evanescent in the OH airglow layer. In
fact, their ground based (observed) wave periods are large enough that they can-
not be ducted solely by the thermal structure in the MLT. Observed wave periods
are inferred using observed phase speed and horizontal wavelength. Figure 4.8
shows the histogram of observed wave period (Tg). The distribution of observed
wave period peaks at a larger value than intrinsic wave period which again indi-
cates that background wind Doppler shifts gravity waves toward higher intrinsic
frequency, larger vertical wavelengths in general. This implies that the majority
of the gravity waves observed tend to propagate against the background wind.
This is also consistent with the fact that the OH airglow intensity perturbation is
more sensitive to larger vertical wavelength waves due to their small cancellation
factors.
m2 =
N2 − ω2
ω2 − f 2 k
2 − 1
4H2
(4.1)
With horizontal wavelength and wave period, vertical wavelengths (Lz) of grav-
ity waves can be inferred according to the gravity wave dispersion relationship
(Equation 4.1). In Equation 4.1, m is vertical wavenumber, N is Brunt-Vaisala
or buoyancy frequency, ω is intrinsic gravity wave frequency, f is inertial fre-
quency, and k = 2pi
Lh
is horizontal wavenumber. The climatology of N profile
at the time of observation from MSIS model is used the calculation. When the
vertical wavenumber m is real, a wave is vertically propagating, otherwise it is
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evanescent. Out of the total of 9991 waves, 1821 or 18 % are evanescent. It
should be noted the determination of vertical wavelength and wave evanescence
is strongly affected by thermal structure and wind. Most of the evanescent waves
have intrinsic wave period barely smaller than the buoyancy period determined
using climatology temperature profiles and hourly mean wind. Slight variation in
temperature profile and wind would make these waves freely propagating. Nev-
ertheless, even when these waves are freely propagating in the OH airglow layer,
their short periods make them vulnerable to both thermal and wind ducting in
the MLT as temperature gradient and wind varies significantly in both time and
altitude.
For the remaining waves, their vertical wavelength distribution peaks between
20 to 35 km and tail off quickly as wavelength increases. As shown by Swenson and
Gardner [1998], waves with vertical wavelength shorter than the thickness of air-
glow layer (10 km for OH) should be greatly attenuated on OH imager. However,
the observation shows a population of waves (about 14%) with inferred vertical
wavelength shorter than 15 km, 4.3% of waves with inferred vertical wavelength
shorter than 10 km. This may be due to the variation in the thickness of airglow
layer in the real atmosphere or the amplitude of these waves are large enough to
show up on imager despite their large cancellation factors. The other possibility
is that the wave like structure are generated in situ [Ejiri et al., 2002]. Figure
4.9 shows the histogram of vertical wavelength. In the calculation of momentum
flux, only the waves with vertical wavelengths larger than 15 km are included be-
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cause waves with vertical wavelength shorter than 15 km suffer large attenuation
which correspond to large cancellation factors [Swenson and Liu, 1998]. Small
errors in intensity inference would introduce large uncertainty in the calculation
of momentum flux for these waves. Even though airglow imager strongly favor
large vertical wavelength waves, most waves have vertical wavelength between 20
to 30 km. This shows there are much less waves with very large vertical wave-
length (longer than 40 km) in the MLT comparing to those with smaller vertical
wavelengths. There are two factors can explain this feature. One is in the source
spectrum in the lower atmosphere, waves have extremely high phase speeds, hence
larger vertical wavelengths, are on the tail of gravity wave spectrum no matter
which kind of generation mechanisms. The second factor is due to the thermal
structure of the atmosphere. The static stability is small in above stratosphere
and below mesopause between 50 km to 70 km. The low stability layer acts as
a thick evanescence layer to limit the number of waves with frequency close to
buoyancy frequency penetrate into the MLT.
In terms of wave energy, the peak resides around 10 km as shown in Figure
4.10. This shows a large portion of waves with vertical wavelength of 20 to 30 km
observed by imager on average have a smaller wave energy than those with vertical
wavelength around 10 km, which is consistent with the fact airglow imagers are
more sensitive to large vertical wavelength waves.
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4.2 Propagation Direction and Momentum Flux
The wave characteristics such as horizontal wavelengths, phase speeds, wave pe-
riods, vertical wavelengths do not change significantly with season. The most
variable wave characteristics is the gravity wave propagation direction. As shown
in Figure 4.11, monthly histogram of gravity wave propagation direction (blue)
and corresponding background wind direction (red) vary significantly with sea-
son. The length of each bar indicates the number of waves or wind measurements
in that direction. In January, most waves propagate westward with background
wind toward the east. From February to April, the majority of waves propagate
toward the east with background wind mainly toward the west. From May to
July, gravity waves propagate to the north with background winds turn to the
south. In August and September, the dominant wave propagation direction turns
to eastward with background winds turn to the west. In October, background
wind shows no dominant direction and many waves propagate to the southeast.
In November and December, dominant wave propagation direction is toward the
south. The poleward propagation of gravity waves during summer and equator-
ward propagation of gravity waves during winter in the midlatitudes have been
noticed by previous studies as mentioned in the introduction.
FM =
k
m
g2
N2
〈(T
′
T
)2〉 = kg
2
mN2CF 2
〈(I
′
I¯
)2〉(m2s−2) (4.2)
The method to calculate momentum flux is documented in detail by Tang et al.
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[2005b] and Swenson and Liu [1998]. With the assumption that gravity waves
observed in the MLT propagate upward, gravity wave momentum flux can be
inferred from wave induced airglow intensity perturbations. Momentum fluxes
are calculated using wave parameters deduced from the OH images as described
by Equation 4.2. FM is momentum flux, k horizontal wavenumber, m vertical
wavenumber, g accelleration due to gravity, I
′
I¯
relative intensity perturbation.
CF is cancellation factor which relatives temperature perturbation T
′
T
to relative
intensity perturbation I
′
I¯
. Smaller cancellation factor corresponds to stronger
cancellation in airglow intensity perturbation observed on the ground.The direc-
tion of momentum flux is determined by the wave propagation direction relative
to the mean flow. The magnitude of gravity wave momentum flux is determined
by the wave induced relative density perturbation, which in turn is related to the
wave induced relative OH airglow intensity perturbation by the cancellation fac-
tor as a function of vertical wavelength [Swenson and Gardner , 1998]. For waves
with vertical wavelengths shorter than 15 km, because their cancellations in the
airglow layer are strong (small CFs), small errors in airglow intensity perturba-
tion divided by small CFs would introduce large errors in inferred momentum
flux. Thus waves with vertical wavelength shorter than 15 km are excluded in
the calculation of momentum flux. These waves are only a small portion of our
observation.
The monthly mean gravity wave momentum fluxes are plotted in Figure 4.12
with corresponding monthly mean background wind in the airglow layer. The
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magnitude of momentum fluxes is on the order of 10 m2s−2. The meridional com-
ponent of momentum flux is apparently larger than zonal component. Gravity
wave momentum fluxes at mesopause altitude are affected by both gravity wave
sources in the lower atmosphere and critical-layer filtering by the mean flow be-
tween the sources and the MLT. Stronger meridional gravity wave momentum
fluxes are consistent with more convective activities in the north/south of Maui
and stronger wave filtering in zonal direction in the stratosphere and lower meso-
sphere. The monthly mean zonal and meridional gravity wave momentum fluxes
tend to direct to the opposite direction of the mean flow. The monthly mean zonal
flux shows stronger month to month variation while the monthly mean meridional
flux shows more prominent annual oscillation. There is also more month to month
variation in the zonal wind than in the meridional wind. The seasonal variation
of zonal momentum flux shows high correlation to the variation of zonal mean
wind in the layer in the OH airglow layer. The correlation coefficient between the
monthly mean zonal wind at 87 km and monthly mean zonal flux is -0.79, while
the correlation coefficient for the meridional components is -0.61. During summer
the mean meridional circulation in the mesosphere is from the summer pole to
the winter pole, the meridional momentum flux is directed toward the summer
pole. During winter, the direction of meridional circulation and momentum flux
are both the opposite. The monthly mean zonal wind shows a clear semiannual
cycle with maximum westerly in spring equinox and maximum easterly in June
and July. The seasonal variation of gravity wave zonal momentum flux is noisier
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than that of gravity wave meridional flux, which is similar to the noisier seasonal
variation of mean zonal wind in the MLT.
Figure 4.13 shows the mean meridional/zonal momentum flux and meridional/zonal
wind distribution as a function of universal time (UT) and month. For the merid-
ional component,in the summer the momentum flux are mainly northward and in
the winter the momentum flux are mainly southward. For the zonal component,
the momentum flux shows a semiannual variation more clearly with largely east-
ward momentum flux in the solstices and westward momentum flux around the
equinoxes. Momentum flux seems to follow the pattern of background wind not
only on the seasonal variation but also local time change. This does not necessarily
require gravity waves to vary in characteristics such as amplitude and direction in
the same manner as momentum flux direction. For example a stationary gravity
wave (cg = 0) will generate momentum flux variation highly anti-correlated to the
background wind because the momentum flux measured will always be opposite
to background wind direction as the sign of momentum flux is the same as c− u¯.
The fact momentum flux generally points opposite to background wind supports
the notion that gravity wave acts as a damping mechanism for tides.
In fact in models utilizing Lindzen type gravity wave parameterization [Lindzen,
1981], under saturation assumption, the momentum flux is
Mf =
k(c− u¯)3
2N
(4.3)
above gravity wave breaking level. Where  accounts for the probability of wave
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occurrence and practically is a scaling parameter to produce an appropriate grav-
ity wave drag. N is Brunt-Vasaila frequency. k is the horizontal wavenumber, c is
phase speed and u¯ is the mean wind in the direction of wave propagation. The be-
havior of this type of parameterization would give the same sign of momentum flux
relative to the mean wind observed in this study. However, the difference is that
waves observed on airglow imager are often not close to saturation (u′/(c−u¯) ∼ 1).
The mean gravity wave drag at 90 km inferred from general circulation model
using zonal mean momentum equation is about - 20 ms−1day−1 at 20◦N in De-
cember [Liu et al., 2009]. The 6-year mean zonal momentum flux from Maui in
January is about -3 m2/s2. Supposing the momentum flux to be deposited in two
scale height (about 14 km) layer above OH airglow layer, the acceleration due to
the gravity wave drag is -17.3 ms−1day−1, which is on par with the gravity wave
drag inferred for the full spectrum of gravity waves. Thus, the contribution from
small horizontal scale waves is very important for MLT dynamics and parameter-
ization of gravity waves must include this part of gravity wave spectrum.
4.3 Cause of Variation of Wave Occurrence Frequency
Walterscheid et al. [1999] noticed large seasonal variation in wave occurrence fre-
quency observed by OH airglow imager over Adelaide, Australia, being greatest
in summer, least in winter and intermediate in springtime. The reason for this
seasonal variation is associated with mesopause height and its relative position
with respect to the OH airglow layer. For nominal mesopause structures, it is
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associated with a steep gradient in the N that causes the base of the lower ther-
mosphere duct to be located in the vicinity of the mesopause. During summer the
mesopause is low and is located below the OH airglow layer, while during winter it
is above it. Thus, during summer the ducted gravity waves are in the OH airglow
layer, while during winter they are below it. This is not the case at Maui. Though
there is seasonal change of N, larger in summer, smaller in winter, the position of
the lower thermosphere duct is about the same relative to OH airglow layer (∼87
km). Thus the seasonal fluctuation of the thermal ducting layer cannot apply
here.
Waves generated in the lower atmosphere suffer dissipation when they propa-
gate upward through mean flow. When they encounter critical-layer, where their
phase speeds equals the background wind, they break and deposit momentum
to the mean flow. Wave energy attenuation can be described by transmission of
wave energy through an atmospheric layer. Gravity wave transmission has been
investigate by Stockwell and Lowe [2001a] considering the dissipation of gravity
waves through the lower atmosphere. Here, a constant source spectrum of gravity
waves are specified for each UT during night time and month with horizontal
wavelengths Lh=15:3:42 km, observed wave periods T=6:2:24 minute, and 24
azimuthal angles. The wavelengths and wave periods are chosen to be representa-
tive of the majority of gravity waves observed by OH airglow imager over Maui.
The background atmosphere in the troposphere and stratosphere are specified us-
ing European Centre for Medium-Range Weather Forecasts (ECMWF) reanalysis
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with monthly mean condition from January to December averaged from 2002 to
2007. Above 50 km, the temperature profiles are derived from MSIS-00 empirical
model. The wind profiles in the MLT region (80-100 km) are meteor radar obser-
vation for each UT and month averaged from 2002 to 2007. Where the meteor
radar and ECMWF reanalysis wind data are not available, an empirical model,
Horizontal Wind Model-07(HWM-07) [Drob et al., 2008], are used to generate
monthly mean hourly wind profile.
As in Stockwell and Lowe [2001a] and Matsuno [1982], the transmission of
gravity wave is a function of wave phase speed, azimuthal angle, and altitude
range. It can be calculated using Equation 4.4.
τ(c, θ, z1, z2) = exp [−
∫ z2
z1
2µ(z′)N3
kh[c− U(z′)cosθ]4dz
′] (4.4)
where τ is transmission coefficient of gravity waves. τ = 1 means a wave
propagate through the layer without dissipation. τ = 0 means a wave totally
dissipates in the layer. θ is the angle between mean wind direction and wave
propagation direction. µ(z′) is the eddy viscosity as used in Matsuno [1982] and
defined in Equation 4.5
µ(z) = 400× 10 z−110 km40 km m2s−1 (4.5)
Figure 4.14 shows the percentage of wave energy transmitted between 15 km
and 80 km as a function of month and UT. The pattern of wave transmission
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resembles that of gravity wave occurrence frequency observed by OH airglow im-
ager. In February and June, wave transmissions are small and less waves are also
observed on airglow imager. In April, September and December, wave transmis-
sions are large, and more waves are observed. Therefore, the observed pattern of
gravity wave occurrence frequency are consistent with that determined by prop-
agation/dissipation in the background atmosphere.
4.4 Summary and Conclusion
The gravity wave characteristics over Maui from 2002 to 2007 are deduced from
OH airglow imager. The dominant horizontal wavelength falls between 15 km to
30 km. Intrinsic phase speeds are mainly in the range of 50 ms−1 to 100 ms−1.
Observed phase speeds are mainly in the range of 20 ms−1 to 70 ms−1. Intrinsic
wave periods are mostly below 30 minutes with most of the waves clustered around
5-10 minutes. For intrinsic wave period larger than 5 minutes, as wave period
increases the number of wave events decreases. Observed wave periods fall in
the range of 8 to 20 minutes. The difference between intrinsic phase speed and
observed phase speed, intrinsic wave period and observed wave period indicate
that a large portion of gravity waves propagate against the background wind.
Vertical wavelength distribution peaks between 20-30 km and decreases fast as
wavelength increases.
Poleward wave propagation preference during summer and equatorward wave
propagation preference during winter are observed over Maui. They are also op-
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posite to the seasonal mean meridional wind direction which are always pointing
toward winter pole. The cause of the preferred propagation direction is investi-
gated in Chapter 5.
Momentum fluxes deduced from OH imager are also highly anti-correlated with
background winds. Although imager observation disfavors waves propagate along
background wind, waves with short vertical wavelength also have much smaller
power in gravity wave spectra. Despite the bias toward the direction against
background wind, OH imager still captures the majority of momentum flux of
high-frequency gravity wave spectrum. Momentum flux from OH airglow imager
generally points against the background wind. Momentum flux from imager shows
strong anti-correlation with local mean flow on both seasonal and diurnal time
frame. At least for the part of spectrum observe by airglow imager, gravity waves
act as damping mechanism for diurnal tide.
Gravity wave occurrence frequency does not follow the variation of local con-
vective sources and convective sources in a large domain when ducted waves are
considered. In fact, with a constant wave source and monthly mean background
atmospheric condition, the simulated wave transmission resembles the wave oc-
currence frequency observed by OH airglow imager at Maui. Thus at Maui the
propagation effect determines the seasonal variation of wave activity.
4.5 Figures
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Figure 4.1: Number of nights with favorable observation condition longer than
one hour.
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Figure 4.2: Gravity wave occurrence frequency as function as month and
universal time. More gravity waves are observed in April, September, and
December. Due to the limited number of nights in December, the strong wave
activities observed in December can be affected by one or two passing storm
north of Maui in December.
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Figure 4.3: Time series of monthly convective pixel count for .5◦ × .5◦ region for
local (6◦×6◦) and the larger domain(20◦×20◦). The small domain is a indicator
of convective wave sources for waves freely propagate into the airglow layer
above Maui. The latter is for the consideration of ducted waves, which can
travel from remote regions.
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Figure 4.4: Histogram of horizontal wavelength shows the clustering around 15
km to 30 km, which is consistent of the assumption most high-frequency gravity
waves are generated by convections
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Figure 4.5: Intrinsic phase speed histogram shows that the majority of gravity
waves fall in the range between 50 ms−1 and 100ms−1.
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Figure 4.6: Obsreved phase speed histogram shows the majority of gravity waves
fall in the range between 20 ms−1 and 70 ms−1.
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Figure 4.7: Intrinsic wave period histogram shows short period waves shortern
than 10 minutes dominate the distribution. Most of the waves are freely
propagating in the OH airglow layer.
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Figure 4.8: Observed wave period histogram shows a distribution shifted toward
longer period comparing to intrinsic periods. Most gravity waveys have observed
period are more than 8 minutes.
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Figure 4.9: Histogram of vertical wavelength. Most of the waves fall between 20
km to 40 km.
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Figure 4.10: Energy distribution as a function of vertical wavelength. The peak
is around 10 km.
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Figure 4.11: Wave propagation direction (blue) and wind direction (red)
histogram for each month. The length of each bar indicates number of events.
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Figure 4.12: Time series of monthly mean zonal/meridional momentum fluxes
(solid curves) and zonal/meridonal winds (dashed curves).
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Figure 4.13: Mean meridional/zonal momentum flux distribution along month
and UT with corresponding wind component contours.
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Figure 4.14: Percent of wave energy transmitted through the atmosphere
between 20 km and 80 km. This largely explains the observed pattern of wave
occurrence frequency.
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CHAPTER 5
CAUSE OF WAVE PROPAGATION
PREFERENCE AT MAUI
5.1 Introduction
Gravity waves observed by imagers over midlatitude sites often show dominant
eastward and poleward propagation during summer and equatorward propagation
during winter [Taylor et al., 1993; Hecht et al., 2001; Ejiri et al., 2003; Hecht et al.,
2004; Dou et al., 2010]. Many researches found these dominant propagation direc-
tions are caused by critical layer filtering especially in the zonal direction. Taylor
et al. [1993] showed that the waves observed over Nederland, Colorado (40.0◦N
105.6◦W) from May to June 1988 were dominantly northward and eastward. As-
suming tropospheric source and using CIRA-1986 zonal winds, they computed the
”block diagrams” which are polar plots indicate regions where gravity waves would
be blocked by critical-layer filtering of mean wind. The eastward dominance of
wave propagation is explained by critical-layer filtering by mean westward zonal
wind below MLT. Stockwell and Lowe [2001b] analyzed OH images taken by a
three-station network scanning radiometers of during the summer of 1998 and
found the majority of the waves propagate to the northeast direction. In the ac-
companying paper [Stockwell and Lowe, 2001a], the author further examined the
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mechanism affecting the directionality of wave propagation and concluded that
critical layer filtering by the background zonal wind explains the dominant east-
ward propagation in the summer and westward propagation in the winter, whereas
the tidal components of the meridional wind account for the northward tendency
of wave propagation (and the corresponding relative absence of southward prop-
agating waves). Medeiros et al. [2003] analyzed airglow images over Cachoeira
Paulista (23◦S, 45◦W) from October 1998 to September 1999 and found gravity
waves mainly propagate southeast during summer and northwest during the win-
ter. Applying critical-layer filtering theory to the observation as in the article
by Taylor et al. [1993], they found remarkable agreement between seasonal varia-
tion of observed wave propagation direction and that of blocking by stratospheric
winds.
Other researches found wave ducting condition and source location together
may also cause observed dominant propagation direction. Walterscheid et al.
[1999] reported that during summer (winter) QM gravity waves are predominantly
propagating poleward (equatorward) over Adelaide (35◦S), Australia. They in-
terpreted the QM waves as waves trapped in the lower thermosphere duct or
between the ground and the layer of evanescence above the duct and the domi-
nant meridional propagation direction arises from remote summer/winter source
locations. Hecht et al. [2001] analyzed 15 months of airglow imaging observation
of gravity waves over Urbana, Illinois (40◦N, 80◦W) and explained the preferred
northward propagation around summer solstice by wave ducting by both thermal
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structure and mean wind shear. Suzuki et al. [2004] found waves propagate both
poleward and equatorward, while in summer almost all waves propagate poleward
at Darwin, Australia (12.4◦S, 131.0◦E), and concluded it is caused by the same
mechanism proposed by Walterscheid et al. [1999]. Ejiri et al. [2003] studied
gravity waves over two midlatitude sites. The meridional propagation direction of
gravity waves show not only seasonal variation but also latitudinal dependence. In
summer, the meridional propagation are mainly poleward for both sites, whereas
in winter they are only equatorward at Shigaraki (34.9◦N) and both poleward and
equatorward at Rikubetsu (43.5◦N). Both ducting condition and critical layer fil-
tering can be responsible for observed meridional wave propagation preference in
the two sites.
Other than critical-layer filtering and wave-ducting, gravity wave sources varia-
tion alone is also an important factor to determine wave propagation direction on
airglow imagers. Using more than one year of imager observation over Indonesia,
Nakamura et al. [2003] concluded the seasonal variation of gravity wave propa-
gation direction observed there were more likely related to tropospheric source
variation noticing the mean zonal and meridional wind were both weak near the
Equator. Medeiros et al. [2005] found the majority of the waves observed over
several sites in Brazil near the Atlantic from close to the Equator to 23◦S prop-
agated from the continent to the ocean. They suggested the active convections
over the continent account for the dominant wave propagation direction from the
land to the ocean.
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In this chapter, all the above mechanisms will be investigated. In addition to
these mechanisms, Doppler-shifting by background wind would also be investi-
gated because it strongly affects wave intrinsic phase speeds and vertical wave-
lengths. Vertical wavelengths of gravity waves strongly affect wave dissipation
and visibility on airglow imager.
5.2 Critical-layer Filtering
Taylor et al. [1993] utilized “blocking diagram” to indicate the region gravity
wave cannot propagate upward on a polar plot. The forbidden region for wave
propagation is critical-layer where wave intrinsic frequency is 0. This is effec-
tively the same as the wave transmission criterion used in the investigation on
wave occurrence frequency in Chapter 4. Thus we can investigate the effect of
critical-layer filtering on observed pattern of wave propagation direction using
wave transmission instead of “blocking diagram”.
As described in Chapter 4, the wave parameters we choose to calculate wave
transmission through the atmosphere are representative of those observed on OH
airglow imager at Maui. Waves are released evenly in 24 azimuthal angles from
0 to 345 degrees from the east and the percentage of waves transmitted to the
OH airglow layer determines the preferred wave propagation direction caused by
critical-layer filtering.
Figure 5.1 shows the wave transmission as a function of azimuthal angle be-
tween 20 km and the bottom of OH airglow layer (80 km). There is a northward
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and westward preferred propagation during summer, but only preferred westward
propagation during winter. This does not match what is observed on OH airglow
imager during winter. Also there is not much zonal preference in wave transmis-
sion in spring and fall, but there is an eastward bias on OH airglow observation.
Therefore critical-layer filtering is consistent with some of observation but fails to
explain many features observed by airglow imager. Thus it is not the dominant
mechanism causing the preferred propagation direction at Maui.
5.3 Ducting
Ducted gravity waves are internal waves trapped between two evanescent regions
or between an evanescent region and the ground. Comparing to freely propagating
high-frequency gravity waves, ducted waves can travel long distance horizontally.
Gravity waves can be trapped by gradients in the Brunt-Vaisala freuquency (N)
by wind shear or by both. Ducts where wave trapping is caused primarily by N
gradients are thermal ducts, while ducts where trapping is caused primarily by
wind gradients are Doppler ducts.
Walterscheid et al. [1999] explained the seasonal variation of gravity wave oc-
currence frequency and preferred propagation direction by the change of ducting
condition due to seasonal change of mesopause height at Adelaide, Australia (35◦S,
135◦E). Figure 5.2 shows the N2 profile at Aldelaide, Australia from Walterscheid
et al. [1999]. However, the nightly mean temperature and N2 profiles do not show
strong seasonal variation as indicated by Figure 5.2 (not shown). Diurnal tide
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introduces large change in temperature and N2 profile which dominates the sea-
sonal changes. This is also the case at Maui. Figure 5.3 shows the N2 variation
every three hours for solstices at Maui. Comparing to seasonal change, the diurnal
change in the structure of N is larger.
Figure 5.4 shows the averaged profiles of N2 from SABER observation averaged
over 2000-0400 LT from 2002 to 2007 in a 10◦ × 10◦ domain centered at Maui
for January, April, July, and December. The N2 increases in the OH airglow
layer during summer, however the structure looks similar throughout the year.The
altitude of high N2 layer in the lower thermosphere does not change much relative
to OH airglow layer. This does not affect the argument that ducting condition as
a major cause for observed preferred wave propagation direction.
A closer look at the temperature profiles in the middle atmosphere shows that
without background wind the thermal structure can afford the propagation of the
majority of the gravity waves observed over Maui, most of which have observed
wave periods larger than 8 minutes as shown in Figure 4.8. Figure 5.5 shows
the nightly mean buoyancy period as a function of month and altitude. Yu and
Hickey [2007] investigated the thermal ducting by the temperature profiles in the
middle atmosphere using numerical modeling. The region between two low static
stability layers (lower mesosphere and lower thermosphere) forms a thermal duct
for waves with wave period of about 6-7 minutes as shown by Figure 5.5. The
intrinsic periods of our observation also has a peak in its distribution at this range.
Both zonal and meridional winds vary significantly on diurnal and seasonal time
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scales below and above OH airglow layer. Wave ducting considering only thermal
structure is no longer valid for waves propagate directly from the lower atmo-
sphere. Gravity wave breaking in the MLT region can generate secondary waves
with high wave frequencies [Franke and Robinson, 1999; Snively and Pasko, 2003].
This mechanism can seed ducted gravity waves with appropriate frequencies in
the MLT region and propagate horizontally for an extended period in the OH
airglow layer. This is beyond the scope of this research and will not be discussed
further.
To investigate wave ducting at Maui, a representative set of wave parameters is
chosen. Horizontal wavelength is set to be 30 km which is the peak of horizontal
wavelength distribution in the OH airglow observation at Maui. Observed wave
period is set to be 10 minutes which is also the peak of distribution derived from
the airglow images. Shorter wave periods (6 and 8 minutes) and longer wave
periods (12 and 16 minutes) are also tested. Shorter period waves are easier to
be ducted whereas longer period waves suffer more dissipation. Ten minute wave
results are representative of all the tests qualitatively and only the results from ten
minute waves are shown here. The background atmosphere for the investigation is
monthly mean field with hourly change during night time. Temperature fields are
set up using 2002-2007 six-year mean SABER observation from 20 km to 120 km.
Above 120 km, the temperature are calculated from MSIS-00 model [Picone et al.,
2002]. Wind data below 80 km and above 100 km are from HWM-07 [Drob et al.,
2008]. Between 80 km and 100 km, monthly mean winds of six years (2002-2007)
111
from UIUC meteor radar are used. Caution should be applied to the wind field
above 120 km during night time because there are seldom measurements between
120 km and 200 km during night[Drob et al., 2008].
Figure 5.6, 5.7, 5.8, and 5.9 show the m2 for a wave with horizontal wave-
length Lh =30km, observed wave period T = 10min in December, March, June,
and September respectively. Where m2 are negative, the gravity wave is evanes-
cent. The green color shading indicates the optimal vertical wavelength range
(> 20 km)for wave observation on airglow imager. The blue, purple, and black
color shading indicate negative m2 and strength of the evanescence layer. Yellow
shading indicates where vertical wavelengths are small (< 10 km) and waves are
not observable by airglow imager. Orange (< 2 km) and red (< 1 km) shading
indicate waves are shifted to very small vertical scale and strong wave dissipation
occurs. For each figure, m2 for eastward (E), northward(N), westward (W), and
southward (S) propagating waves are plotted.
As shown by Figure 5.6-5.9, there is always an evanescence layer above 120
km for eastward propagating waves. This is due to the small N2 above 120 km
and generally westward wind there. Westward propagating waves are Doppler-
shifted to a lower intrinsic frequency and can still be freely propagating there.
Due to the strong zonal wind in the stratosphere, there is strong wave filtering
and evanescence for zonally propagating waves. In summer, strong easterly in
the upper stratosphere/lower mesosphere flow filters westward propagating waves
and reflects or attenuates eastward propagating waves. In winter, strong west-
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erly flow in the upper stratosphere/lower mesosphere filters eastward propagating
waves and reflects or attenuates westward propagating waves. Thus, the strong
evanescence layer above 120 km only forms a ducting layer for eastward propa-
gating waves around equinoxes when zonal flows in the upper stratosphere, lower
mesosphere are weak. This is consistent with the fact that more waves are seen
on airglow imager in March,April, September, and October. Eastward biases are
also seen during these months as shown in Figure 4.11. Ducting may play a role
in enhanced wave occurrence frequency and preferred eastward propagation.
For meridionally propagating waves, there are no critical layers or evanescence
layers in the stratosphere. The evanescence layers and critical layers for these
waves are mostly above 100 km due to meridional components of diurnal tide.
Thus, the ducting condition for meridionally propagating waves only lasts for
several hours. During winter, southward propagating waves are ducted between
10 UT and 14 UT. During summer, northward propagating waves are ducted
between 6 UT to 11 UT. However, the dependence on local time does not present
in observed wave propagation direction preference.
If waves with shorter periods are considered, the ducting layer for northward
and southward propagating waves almost always exist throughout the year. If
the ducting mechanism is the dominant mechanism to determine wave propaga-
tion preference, one would expect the dominant wave source location also has a
seasonal dependence as indicated by wave propagation. Figure 5.10 shows the dis-
tribution of convection from TRMM satellite observation as function of latitude
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and month. During summer there is more convection in the southern domain of
Maui. During winter, however, convective sources exist both north and south of
Maui. Thus, the observed southward propagation preference during winter cannot
be explained by ducting mechanism.
In summary, ducting mechanism is consistent with higher wave occurrence fre-
quencies and eastward propagation preference in March, April, September, and
October. Ducting conditions for northward waves in summer and southward waves
in winter are also present for several hours during the night, but they are not per-
sistent and suffer strong dissipation above MLT as the phase of the meridional
wind component of diurnal tide changes with altitude. Convective sources dis-
tribution is consistent with summer time northward propagation preference but
cannot explain the winter time southward propagation preference.
5.4 Doppler-Shifting by Background Wind
Both Figure 4.12 and 4.13 show the momentum fluxes are highly anti-correlated
with the background winds. The difference between intrinsic phase speed and
observed phase speed distribution (Figure 4.5 and Figure 4.6) indicates a large
portion of gravity waves observed by OH imager propagate against background
wind. The above observation is further verified explicitly by the observed wave
propagation direction relative to in-situ wind in the OH airglow layer. Figure 5.11
shows the azimuthal angle between each gravity wave propagation direction and
wind direction at the time of observation. The length of each bar indicates the
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percentage of total number of waves with corresponding direction difference. The
color shading denotes the observed phase speeds of gravity waves. The prominent
feature is the highly clustered distribution of waves around 180 degree. About 44%
of gravity waves are in the 60 degree sector centered on 180 degree. 90% of gravity
waves are in the opposite hemisphere of the local background wind directions.
This feature is consistent throughout the year and across different wavelengths
and directions with only slight variations. This means the background wind’s
impact on gravity wave propagation direction is very strong and consistent rather
than a coincident.
Background wind affect gravity wave intrinsic frequency through Doppler-shifting
as described in Equation 5.1. ωg is the wave frequency relative to the ground. Ac-
cording to gravity wave dispersion relation as in Equation 4.1, lower/higher intrin-
sic frequency corresponds to smaller/larger vertical wavelength . Thus, vertical
wavelength is also modified by background wind.
ω = ωg − k · U (5.1)
If these gravity waves propagate in the same direction of mean wind, they are
Doppler-shifted to small intrinsic phase speeds and small vertical wavelengths,
therefore unlikely to show up in the airglow imager. The intrinsic frequencies of
gravity waves are strongly modified by the mean winds when gravity wave phase
speeds and background wind speeds are comparable, which is the case for the
waves observed by airglow imager in the MLT. Gravity waves with high observed
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phase speeds are expected to be less affected by the background wind since their
intrinsic phase speed and vertical wavelengths can still be large enough when they
propagate in the same direction of background wind. As shown in Figure 5.12,
for waves with observed phase speed larger than 50 ms−1, the direction differ-
ence between gravity waves and wind direction stills clusters around 180 degree,
though the contrast between waves against and along background wind is smaller.
Also noticed is the much larger observed phase speeds when waves are in the same
direction of mean wind comparing to waves that are against mean wind. This fur-
ther confirms the observed waves propagating against background wind is related
vertical wavelength which affects airglow intensity response on imager and wave
damping due to vertical gradient. The monthly variation of wave propagation
direction over Maui is more a manifestation of modulation by in situ background
wind than critical layer filtering and source variations. The results shown here
strongly indicate the observed dominant northward gravity wave propagation dur-
ing summer and southward gravity wave propagation during winter over Maui are
largely caused by the modulation of background wind in the airglow layer. More
eastward gravity waves are also consistent with generally westward wind in the
OH airglow layer during the observation time frame throughout the year. Of
course other factors also contribute to the wave propagation direction. For exam-
ple critical-layer filtering in the stratosphere and lower mesosphere may contribute
to eastward bias in wave propagation direction from April to September.
Now we further examine how the background wind affects observed wave prop-
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agation statistics through Doppler-shifting. The observation of gravity waves on
OH airglow imager is affected by two main factors caused by Doppler-shifting of
the background wind. As indicated by gravity wave dispersion relation, gravity
waves propagate against the background wind are shifted to longer vertical wave-
lengths, shorter intrinsic wave periods and those propagate in the direction of the
background wind are shifted to shorter vertical wavelengths and longer intrinsic
wave periods. Longer vertical wavelength waves not only suffer little dissipation
but also introduce larger airglow relative intensity perturbation on airglow imager
because they suffer little cancellation effect. Shorter vertical wavelengths waves,
on the other hand, are strongly attenuated on the airglow imager due to their
cancellation in the airglow layer in addition to their stronger physical dissipation
due to their small vertical scales.
To illustrate the effect of cancellation effect of airglow imager on causing ob-
served gravity waves propagating against background wind, we can consider a
simple case. For the typical static stability (N2 = 4 × 10 −4s−2) in the MLT,
horizontal wavelength (Lh = 25km) and observed wave period (Tg = 10 minutes),
waves propagate along typical background wind (U = 30ms−1) or perpendicular
to the mean wind,their intrinsic phase speed C would be 11.7 ms−1 and 41.7
ms−1. These correspond to intrinsic wave period T of 35.6 minutes and 10 min-
utes, vertical wavelength Lz of 3.7 km and 15.6 km. It is clear that for this
typical wave when it propagates along the mean wind it will not show up on
the OH imager; when it propagate perpendicular to the mean wind, its intensity
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perturbation will be slightly attenuated. On the contrary, when a wave with the
same characteristic propagates against the mean wind, the intrinsic phase speed
C becomes 71.7 ms−1, intrinsic wave period T becomes 5.8 minutes, and vertical
wavelength Lz becomes 57.7 km. Figure 5.13 shows the dependence of vertical
wavelength and cancellation factor as a function of direction angle between wave
propagation direction and background wind direction for a typical gravity wave
( Lh =25 km, Tg =10 minutes). The black curve is the vertical wavelength as
a function of azimuthal angle, the red curve is the corresponding CF (ratio be-
tween I ′/I¯ and T ′/T¯ ). The ratio between CFs in the direction against background
wind and along background wind is as large as 871. The waves with the typical
horizontal wavelength and observed wave period propagating in the direction of
background wind are basically invisible. Therefore the observation limit of air-
glow imager on vertical wavelength not only excludes waves with short vertical
wavelength but also strongly disfavor waves propagate in the same direction of
background wind. Thus observed wave propagation against background wind and
momentum flux’s anti-correlation with background wind can be explained by the
instrumental filtering of airglow imager. Due to the Doppler-shifting by back-
ground wind, the instrumental filtering of OH imager and other instrument with
observation limitation on vertical wavelength not only reflects on wave frequency,
vertical wavelength, but also wave propagation direction. This effect is especially
important for the MLT region because both diurnal and seasonal variation of
zonal and meridional wind are strong comparing to stratosphere, which would
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significantly affect gravity wave observation by Doppler-shifting effect.
Figure 5.14 shows the distribution of cancellation factor and vertical wavelength
versus wave phase speed and propagation direction relative to background wind
for a wave with typical horizontal wavelength of 30 km. The change of cancellation
factor and vertical wavelength as a function of azimuthal angle is more prominent
for slow to moderate phase speed which composes the majority of waves observed.
Except for extremely high observed phase speed waves, by and large the ratio is
substantially large that it suffices to say waves with same amplitudes are strongly
favored when they propagate against background wind. The average ratio between
cancellation factor of 180 degree and 0 degree is 10.04 for waves with observed
phase speed from 10 to 90 ms−1 with background wind 30 ms−1.
On the other hand, wave dissipation also strongly depends on the vertical scale
of waves, which also contributes to the apparent propagation of gravity waves
against background wind. To compare its impact with that of cancellation factors,
we calculated the transmission coefficient between 80 and 90 km for a gravity wave
with typical horizontal wavelength of 30 km. The tranmission coefficient indicates
how much wave energy remains after damping due to dissipation. Wave transmis-
sion is calculated according to Equation 5.2 following Stockwell and Lowe [2001a];
Plumb and McEwan [1978]. The eddy viscosity µ(z) = 400×10 z−110km40km m2s−1 used
in the equation is based on Matsuno [1982]. The results are summarized in Figure
5.15 for different observed phase speed and direction with typical MLT wind speed
of 40 ms−1. Comparing to cancellation factor, the dissipation effect depends more
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on intrinsic phase speed rather than angle difference between wave propagation
and background wind. The ratio between wave transmission for waves against
the background wind and along the background wind is also several times smaller
comparing to cancellation factors. For waves with observed phase speed between
10 ms−1 and 90 ms−1, the average ratio of transmission between 180 and 0 de-
gree is 1.7 comparing to 10 due to cancellation factor. For gravity waves with
relatively large observed phase speed (larger than 50 ms−1), their intrinsic phase
speeds are not small enough to introduce strong damping for those traveling in
the direction of background wind. These fast waves account for about half gravity
waves observed. If there is no instrumental filtering, we would not observe strong
preferential propagating against background wind for waves 10 or 20 ms−1 faster
than average wind speed in the MLT (30 to 40 ms−1). This is not consistent with
our observation where waves with relatively large observed phase speed (larger
than 50 ms−1) still show prominent preference of against background wind prop-
agation, which indicates the cancellation factor is the dominant mechanism to
modulate observed wave propagation direction.
τ(c, θ, z1, z2) = exp [−
∫ z2
z1
2µ(z′)N3
kh[c− U(z′)cosθ]4dz
′] (5.2)
Thus the apparent dominance of waves propagating against background wind
on imager is mostly caused by observational filtering of airglow imager rather
than physical damping. If we can observe the short horizontal wavelength waves
perfectly, due to the damping effect, short horizontal wavelength gravity waves
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are still expected to propagate against background wind though to a less degree
than what we observed on OH airglow imager.
Doppler-shifting of intrinsic frequency is largely proportional to horizontal wavenum-
ber, which explains why airglow observation of small-scale waves are strongly af-
fected by background wind. Other instruments with limit on vertical resolution
observing the same range of gravity wave spectra would be expected to be affected
by this effect too. Though the observed gravity wave parameter and spectra are
different, previous studies using radars have found Doppler-shifting effects may
be large in MLT and frequency spectra of vertical velocity exhibit significant vari-
ability and dependence on mean wind [Fritts et al., 1990; Fritts and Wang , 1991;
Vanzandt et al., 1991]. Several studies using vertical velocity frequency spectra
from radar observation have shown a tendency for high-frequency gravity waves
to propagate preferentially against the local mean wind [Fritts and Wang , 1991;
Vanzandt et al., 1991] .
The gravity wave spectra observed by OH airglow imager are only a portion of
the total gravity wave spectra both in frequency and wavelength. Because waves
propagate against the mean wind are strongly favored by airglow imager and waves
propagate along the mean wind are damped on the airglow images, there is an
instrumental bias. Therefore, even for the part of spectra (high-frequency/short-
horizontal wavelength waves) observed by airglow imager, we must be cautious
to interpret the wave characteristics and momentum flux. Thus the simultane-
ous observation of wind at MLT is very important for interpretation of gravity
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wave characteristics and momentum flux inferred from airglow imager. For exam-
ple, when interpreting dominant gravity wave propagation direction, we should
examine how much is due to Doppler-shifting of in situ background wind.
In the MLT meridional circulation around solstices is from summer pole to win-
ter pole. Airglow imager observation favor the gravity waves propagating against
background wind, therefore gravity waves propagation shows strong concentration
toward summer pole. This may be a cause for the summer poleward propagation
gravity waves observed by imagers for many sites in the midlatitudes. There are
also other causes of dominant direction of gravity wave propagation such as wave
source, ducting condition, and critical-layer filtering. When these factors are con-
sidered, the propagation preference against local wind may not be so prominent
as in the case of Maui. In the case of Maui, it is situated in the central Pacific dis-
tant from tropical convection zone ITCZ (Inter-Tropical Convergence Zone) in the
south and midlatitude storm track in the north. The absence of strong meridional
anisotropy in gravity wave sources as in the observed meridional wave propagation
preference is largely determined by background wind. Because observation of air-
glow are limited to nighttime, therefore in addition to seasonal variation of mean
wind, the amplitude and phase of tidal wind also affect the background wind and
observed wave propagation preference. For instance, at Maui (20◦ N), the merid-
ional component of diurnal tide is large and usually southward in summer as is the
mean meridional circulation. Thus during summer, there is a strong southward
flow in the MLT over Maui at night. Around winter solstice, the mean meridional
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wind and meridional tidal component acting against each other and the mean MLT
wind at night are largely zonal. Especially in December, the dominant southward
propagation is likely due to source location rather than Doppler-shifting effects.
Though it should be noted this month is also we have the least observation. At
higher latitudes, semidiurnal tide are stronger and the meridional component of
wind can change sign during night time observation period without the presence
of low frequency waves such as intertial gravity waves and planetary waves. Lat-
itudinal dependence of meridional wind may explain the latitudinal difference in
wave propagation direction between higher latitudes and lower latitudes such as
that noticed by Ejiri et al. [2003], where higher latitude site (43.5◦N )have waves
propagating in both poleward and equatorward during winter.
Despite the instrumental filtering, airglow imager can still capture the momen-
tum flux from high-frequency gravity waves in the airglow layer. Gravity waves
that are shifted to short vertical wavelength, short intrinsic period suffer strong
dissipation in the MLT, and deposit their momentum in the layer. Also previ-
ous studies have found that gravity wave kinetic energy in the atmosphere are
related to vertical wavenumber by N2/(6m3) [Smith et al., 1987; Tsuda et al.,
1989] for m >> m∗, where m∗ is characteristic wavenumber and corresponds to
vertical wavelength of ∼ 10 − 30 km [Fritts and Alexander , 2003] in the meso-
sphere. The spectral slope estimates at high m (m > m∗) also ranges from -2.5
to -3 according to various observation from radars [Fritts and Alexander , 2003].
Thus waves with short vertical wavelength have much smaller power in gravity
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wave spectra. In fact, the observed vertical spectra of high frequency gravity
waves from imager follow a much steeper slope than Bm−3 as shown in Figure
5.16. B is chosen to match the magnitude of observed power near m∗, which is
∼10 km vertical wavelength identified as the peak of gravity wave kinetic energy
spectra. The observed spectra between 10 km to 6 km resembles a curve in the
form of Bm−3CF . The steeper vertical spectral slope is caused by cancellation
effect of airglow imager. Though airglow imager bias against short vertical wave-
length waves, these waves also have much smaller power. Considering the above
facts, OH imager might capture the majority of momentum flux of high-frequency
gravity wave spectrum after all. What are not observed are short vertical wave-
length waves, which likely propagate in the same direction of background wind,
suffer strong dissipation in the airglow layer and do not carry much momentum
upward. Therefore momentum flux from high-frequency gravity waves are highly
modulated by the background wind with momentum flux direction mostly against
local background wind. Because the phase of diurnal tidal wind changes sign in
about 10 to 15 km, the waves carrying momentum flux opposite to the local wind
in the airglow layer would likely encounter wind in the same direction of wave
propagation in the lower thermosphere. A detailed investigation on gravity waves
and tide interaction will be conducted in future research.
Figure 5.11 shows not only few waves propagate toward the mean wind but also
few waves propagate perpendicular to the mean wind. This can be explained if
the wave amplitude observed by airglow imager and other propagation factors are
124
considered. Figure 5.17 shows the distribution of relative intensity perturbation
for waves propagate in an angle larger than 120 degree relative to the background
wind. Most waves’ amplitude in terms of relative intensity perturbation (I ′/I¯)
are below 2%. These waves would not show up in the imager if they are not
propagate against the background wind. There are 1648 waves with relative in-
tensity perturbation larger than 4%. They can show up on imager if they are
propagating perpendicular to the background wind considering the CF ratio in
different direction for waves with observed phase speed between 40 ms−1 and 80
ms−1. The number of wave events in the two 30 degree sectors centered on the
directions perpendicular to the background wind direction are 615. It’s about
40% of the number of large amplitude waves in the sector against background
wind. The mismatch of the numbers indicate that other factors such as damp-
ing, ducting condition for specific direction are also important. Damping in the
airglow layer introduces about a factor about 1.5 between waves against mean
flow and those perpendicular to the mean flow for waves with typical parameters
(horizontal wavelength 20 km-40 km, observed phase speed 40 ms−1-80 ms−1).
Wind speed around stratopause and above are large to affect the propagation of
high-frequency gravity waves. Figure 5.18 shows the wind vectors during night at
0700 UT, 1000 UT, 1300 UT and 1600 UT at 65 km and 87 km. The wind shear
between stratopause and MLT also often shows a rotation larger than 90 degree
except in April, September, and December. On the one hand, waves propagate
in the same direction of upper stratosphere- lower mesosphere wind suffer strong
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dissipation and filtering. On the other hand, high-frequency waves propagate in
the opposite direction of the wind in the upper stratosphere and lower mesosphere
encounter a strong evanescence layer, suffer strong attenuation. For waves propa-
gating against mean wind in the upper stratosphere-lower mesosphere, only slow
and low-frequency waves can reach the OH airglow layer. They are not visible
on the imager or have very small amplitudes due to physical damping. The fil-
tering and evanescence layer in the upper-stratosphere/lower mesosphere might
help reduce the number of waves perpendicular to the mean wind in the MLT.
In addition, a large portion (30%) of the large amplitudes waves in the opposite
direction of the mean wind are in the 60 degree sector centered on east direc-
tion, which is the direction favored for ducting waves, especially in the months
where wind rotation with altitude is weak. The ducting mechanism would in-
crease the percentage of waves propagate in the opposite direction of mean wind
in the airglow layer especially in April and September due to the fact wind in the
OH airglow layer are generally easterly during these months. In December, waves
propagate in the direction perpendicular to the mean wind in the airglow layer
are significantly more than other months as shown in Figure 4.11 the wind vector
rotation between the stratosphere and MLT is also relatively small.
5.5 Conclusion
Gravity waves observed during summer and southward propagation during winter.
To explain the cause this, three mechanism are investigated: critical-layer filtering,
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wave ducting, and Doppler-shifting by local mean wind.
Critical-layer filtering failed to explain the propagation preference. The wave
ducting condition is consistent with observed propagation preference in summer
and equinoxes. It cannot explain the dominant southward propagation during
winter. Observed gravity wave propagation directions are largely related to the
background wind in the airglow layer. This is caused by Doppler-shifting of gravity
waves by background wind. Background wind Doppler shift gravity waves prop-
agating against (along) background wind to higher (lower) frequency and larger
(smaller) vertical wavelength. Thus, the observed gravity waves tend to propagate
against background wind. The apparent against background wind propagation is
largely caused by the contrast in cancellation factor for waves propagate in differ-
ent direction. To a less degree, the difference in dissipation for waves propagate
in different direction also contributes to the observed against background wind
propagation.
The ratio between waves propagate perpendicular to and against the mean wind
in the OH airglow layer are less than predicted by Doppler shifting or damping. It
is caused by the decrease of waves propagate perpendicular to the wind in the OH
layer by lower atmosphere wind filtering and enhancing of eastward propagating
waves due to ducting.
5.6 Figures
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Figure 5.1: Preferred wave propagation direction indicated by wave transmission
percentage as a function of azimuthal angle.
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Figure 5.2: January and July N2 profile shown in Walterscheid et al. [1999]
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Figure 5.3: Diurnal change of N2 for summer solstice (a) and winter solstice (b).
N2 profiles for every 3 hours with blue denoting nighttime profiles and red
denoting daytime profiles.
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Figure 5.4: Monthly mean N2 profiles for January, April, July, October at Maui.
131
Month
Al
tit
ud
e 
(km
)
Buoyancy Period (minute)
 
 
2 4 6 8 10 12
20
40
60
80
100
120
140
4
4.5
5
5.5
6
6.5
7
Figure 5.5: Buoyancy period as a function of month and height at Maui.
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Figure 5.6: m2 for wave with 10 minute observed wave period, 30 km horizontal
wavelength in December.
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Figure 5.7: m2 for wave with 10 minute observed wave period, 30 km horizontal
wavelength in March.
134
Figure 5.8: m2 for wave with 10 minute observed wave period, 30 km horizontal
wavelength in June.
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Figure 5.9: m2 for wave with 10 minute observed wave period, 30 km horizontal
wavelength in September.
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Figure 5.10: Monthly mean convective pixel count as a function of latitude and
month from TRMM satellite observation averaged over 2002-2007.
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Figure 5.11: Difference in gravity wave propagation direction and background
wind. Most waves propagate against the background wind.
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Figure 5.12: Difference in propagation direction and background wind for
gravity wave with observed phase speed larger than 50 ms−1. There is still
clustering around 180◦
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Figure 5.14: Cancellation factor(a) and vertical wavelength (b) as a function of
wave phase speed and propagation direction relative to background wind of 40
ms−1 for gravity waves with horizontal wavelength 30 km.
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Figure 5.15: Gravity wave transmission through OH airglow layer as a function
of propagation direction relative to background wind of 40 ms−1 for gravity
waves with horizontal wavelength 30 km.
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Figure 5.16: Observed power spectrum from OH imager compared to a curve
Bm−3 and B · CF m−3. In the high m region, the observed spectra is much
lower than the curve predicted by saturation theory and close to the curve
included cancellation factor.
143
5 10 15 200
500
1000
1500
2000
2500
Relative intensity perturbation (%)
N
um
be
r o
f w
av
e 
ev
en
ts
Figure 5.17: Relative intensity perturbation histogram for waves with
propagation direction is at least 120 degree away from background wind.
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CHAPTER 6
GRAVITY WAVES OVER ANDES
UIUC OH airglow imager started observation at Andes Lidar Observatory (ALO,
Cerro Pachon, Chile, 30◦S, 71◦W) since September 19th, 2009. ALO locates on
top of the Andes with about 300 clear nights during the year. Previous satellite
observations indicate this region is abundant with gravity wave activity in the
stratosphere. It is important to see how lower level strong wave activity affects the
wave activity in the MLT region. To answer this question, the wave characteristics
inferred from OH airglow imager are first compiled and compared with those from
other sites especially, our previous site, Maui. Then we try to understand the
difference in wave characteristics, occurrence frequency, momentum flux in terms
of wave source distribution and variation, background mean wind in the Andes
region.
As noted in the last chapter, the wave propagation in the midlatitudes often
shows annual variation in meridional propagation direction: poleward in winter
and equatorward in summer. On the one hand, it is interesting to see it is the case
at ALO to further confirm its common presence. On the other hand, there is also
an eastward propagation preference at many sites in the northern hemisphere. Our
investigation at ALO will help us understand the mechanism of this preference.
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6.1 Data and Methodology
There are total of 209 nights of OH airglow observation from September 2009 to
September, 2010 for this study. Quality control was done before gravity wave
extraction to exclude nights with cloud cover, moon and occasional artificial light
contamination. Figure 6.2 shows the distribution of nights with more than 20
minutes of quality observation for each month. The number of nights available
for October, 2009 is very small and should be noted when we interpret the monthly
mean wave statistics.
The gravity wave parameter deduction method is the same as in Maui and docu-
mented in detail in Chapter 2. The only difference is due to the shorter integration
time to take an airglow image, the time interval between consecutive images be-
comes one minute instead of two minutes. The method has been shown to be
sensitive to short-period GW due to the analysis on difference images, which en-
hances short-term variation. It also exlcudes larger horizontal scale waves because
of the small FOV. However, using the method we still found significant amount
of waves with relatively large horizontal scale. To investigate these relatively long
period, long horizontal scale waves, an additional method is developed.
The new method is based on the analysis on keogram. A keogram is a time-
lapse compilation of the cross-section of all-sky images. A north-south (west-east)
keogram is produced by align consecutive north-south (west-east) cross-section at
zenith. A wave propagates from south to north produces a pattern shifts from
the bottom of the north-south keogram to top determined by its horizontal scale
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and wave period. Thus wave period and horizontal wavenumber can be inferred
from 2-d Fourier transform of keograms to investigate as they were found in the
analysis. The method of wave analysis using keograms are as follows. First,
the images are quality controlled to exclude those with clouds, moon lights, and
Milky Way. Average over ten lines of pixels at zenith is taken from each image
to form a keogram. To remove the slowly varying background, one hour mean
intensity is removed from the keogram. To reduce small scale noises, keograms
are smoothed with 30 km moving average in the spatial dimension. Then a 2-d
Fourier transform is used to identify the dominant wavenumber and wave period.
For each section of observation, k (zonal wavenumber) is identified by east-west
keogram, l (meridional wavenumber) is identified by north-south keogram. Wave
period calculated in this procedure is ground based and must be Doppler shifted
to get the intrinsic wave period. Assuming climatology static stability, vertical
wavelength can be inferred using GW dispersion relationship. Wave induced air-
glow relative intensity perturbation amplitude is calculated by divide the wave
spectral amplitude by the mean airglow intensity. Figure 6.1 shows an example
of north-south keogram.
6.2 Wave Characteristics
Figure 6.3 shows the distribution of horizontal wavelengths of gravity waves ob-
served over ALO. The peak of distribution falls in between 20 to 30 km as ob-
served over Maui and many other sites. The common feature of abundance of
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short-horizontal-scale waves observed on the airglow images all over the world
is not a surprise. First, waves with such small scales are often high-frequency
gravity waves, due to the sensitivity of airglow imager to high-frequency waves,
they are more likely to be observed. Second, the most important source for high-
frequency gravity waves are convections, which generate waves with most energy
in this horizontal wavelength range. The major difference between the horizontal
wavelength distribution at ALO and that of Maui and other midlatitude sites is
that there are a large number of waves with relatively long horizontal wavelengths
(larger than 80 km). The sources of these relatively long horizontal wavelength
waves are not clear. One candidate is the low frequency component from con-
vections in the plains in the east. These convections are frequent throughout of
the year and due to their relatively long distance from ALO (500-1000 km), the
wave components observable at ALO are those with relatively lower frequency and
longer horizontal scale. Another possibility is the secondary generation of waves
by breaking mountain waves in the stratosphere where mountain waves encounter
critical-layers and causes convective instabilities or shear instabilities.
As shown in Figure 6.4, intrinsic phase speed ranges mainly from 40 to 100
ms−1 with the majority of waves concentrate around 70 ms−1. Observed phase
speed (speed relative to the ground) is about the same range with relatively more
waves close to zero. This is similar to what are observed at Maui, which indicates a
generally against background wind propagation of gravity waves. Low phase speed
waves are fewer because the filtering of waves by wind in the lower atmosphere
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and due to their low visibility on the airglow imager because of their shorter
vertical wavelengths. The falling off of the number of gravity waves toward high
phase speed is because there is a maximum of phase speeds for gravity waves with
certain horizontal scales and frequencies as shown by Equation 6.1 [Fritts and
Alexander , 2003]. Another reason high phase speed waves are less is they have
smaller power in gravity wave source spectrum.
|cmax| = N(k2 + l2 + 1
4H2
)
1
2 (6.1)
Figure 6.5 shows that both the intrinsic and observed wave period distribution.
Intrinsic wave period on the left shows that most waves have intrinsic periods
shorter than 30 minutes and longer than 5 minutes. Espeically between 5 minutes
and 20 minutes, about 80% the population fall in this range. Observed wave
period (not shown) on the right shows a slight shift toward longer period. But
the mojority of waves’ observed wave period are still shorter than half an hour.
Figure 6.6 shows the distribution of vertical wavelength. Vertical wavelength is
calculated using gravity wave dispersion relationship with horizontal wavelength,
intrinsic wave period assuming climatology of Brunt-Vasala frequency in the OH
airglow layer derived from MSIS-00 empirical model. The peak of the distribution
is around 15 km. The number of waves with longer and shorter vertical wave-
lengths decreases quickly. The decrease to short vertical wavelength is due to
strong dissipation and smaller airglow intensity responses (smaller CFs) on im-
ager. The decrease to larger vertical wavelength is due to smaller power in the
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range of larger vertical wavelength in gravity wave source spectrum. Comparing
to 4.9 in Chapter 4, waves at ALO have more smaller vertical wavelength (around
15 km) waves, whereas waves at Maui tend to have larger vertical wavelength in
the range of 20 km to 30 km.
Figure 6.7 shows the monthly summary of wave propagation direction (blue) and
their corresponding local mean wind in the airglow layer at the time of observation.
Waves observed over ALO show a preferred poleward propagation during austral
summer. Though not as prominent as Maui, an equatorward propagation bias is
also shown during austral winter. Another prominent feature is strong preference
for waves to propagate toward to the west through out the year. Especially
during summer, most waves propagate from the northeast to the southwest. The
westward preference may be due to the gravity wave source distribution. There
are much more and stronger convections in the continent to the east of Andes
than in the Pacific Ocean to the west.
Figure 6.8 shows the difference between wave propagation direction and back-
ground wind direction. There is a strong clustering of wave propagation around
180 degree from the background wind directions. This is an indication of the
Doppler-shifting mechanism’s influence on wave propagation direction. The clus-
tering of waves around 180 degree is also not as strong as we have seen at Maui.
This can be explained by the difference of horizontal wavelength distribution we
observed in these two locations. The change in intrinsic frequency due to Doppler-
shifitng is proportional to horizontal wavenumber (Equation 5.1). At Maui, most
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of the waves have horizontal wavelengths in the range of 20 km to 30 km, which
are strongly influenced by Doppler-shifting and easily shifted toward higher intrin-
sic frequency, tilted toward larger vertical wavelength when they are propagate
against background wind. At ALO, many waves have relatively longer horizontal
wavelength (smaller horizontal wavenumber), less efficient to be shifted to high
intrinsic frequency and vertical wavelength. These factors combining the observa-
tional preference of airglow imager for longer vertical wavelength waves result in
the less prominent clustering of waves in the opporsite diretion of background wind
direction. Nevertheless, Dopper-shfiting still plays a strong role in the observed
wave propagation direction preference,though not as strong as at Maui.
Figure 6.9 shows wave occurrence frequency at ALO with simulated wave oc-
currence frequency considering critical-layer filtering in the lower atmosphere with
monthly mean temperature and wind field. The simulated result has several dis-
crepancies comparing to the observed wave occurrence frequency. The observed
wave occurrence frequency has maximum in November and January, while the
simulation has maximum occurrence frequency in March. First, most convective
sources are on the continent and they have strong annual cycle. Thus, the assump-
tion of a constant wave source is not valid. Second, a large portion of observed
waves have relatively long horizontal wavelength and their propagation paths can
be quite slant. Using wind and temperature field over ALO is not representative
for the real background atmosphere a wave packet travels through. A more re-
alistic ray-tracing experiment is needed to investigate wave occurrence frequency
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at ALO.
Keogram analysis results are summarized in Figure 6.10. The results show that
longer wave period and horizontal wavelength waves can be extract from airglow
imager. The horizontal wavelength ranges from about 50 km to 300 km. The
wave periods range from about 50 minutes to 150 minutes. The longer horizontal
wavelength waves from keogram analysis also show a westward propagation pref-
erence (not shown). The results from this analysis method is still preliminary.
Since it reveals horizontal structure of longer period waves, it is possible to com-
bine imager analysis with lidar observation to study three dimensional structure
of relatively long period gravity wave.
6.3 Conclusion
The wave analysis over ALO shows distinct wave characteristics comparing to
other midlatitude sites, which indicates uniformly specifying waves sources in
GCM does not reflect the reality and may introduce errors.
Waves observed over ALO show a preferred poleward propagation during aus-
tral summer and relatively weak equatorward propagation during austral winter.
Another prominent feature is strong preference for waves to propagate toward to
the west through out the year. Especially during summer, most waves propagate
from the northeast to the south west. The abundance of relatively long horizon-
tal wavelength waves (∼80-100 km) indicates there is a dominant wave sources
and/or propagation preference in the region.
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Since waves observed over ALO do not concentrate in the short-horizontal wave-
length range. Against local mean wind propagation is weaker comparing to Maui
observation, which is consistent with the fact that the Doppler-shifting effects are
proportional to horizontal wavenumber.
Unlike the case in Maui, wave transmission does not explain the wave occurrence
frequency. The source variation and horizontal variation of atmospheric field must
be included to explain the strong wave activity during austral summer.
6.4 Figures
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Figure 6.1: North-south keogram after removing hourly mean for March 19, 2010.155
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Figure 6.2: Number of nights with good observation period longer than 20
minutes over ALO from September, 2009 to September, 2010.
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Figure 6.3: Histogram of horizontal wavelength distribution at ALO. There are
more relatively long horizontal wavelength at ALO comparing to other
midlatitude sites.
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Figure 6.4: Histogram of intrinsic phase speed at ALO.
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Figure 6.5: Histogram of intrinsic wave period at ALO.
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Figure 6.6: Histogram of vertical wavelength distribution at ALO.
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Figure 6.7: Graity wave propagation direction distribution (blue) and
background wind distribution (red) at ALO. Length of each bar indicates the
number of wave/wind observation in the corresponding direction in that month.
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CHAPTER 7
CONCLUSION
In this thesis, investigations on gravity waves are conducted in two regions of the
middle atmosphere: the lower stratosphere using high-resolution radiosonde at
South Pole and the mesopause region using OH airglow imager. Wave charac-
teristics at these regions are deduced and the seasonal variation of wave activity,
wave sources, and propagation effect are studied.
7.1 Gravity Waves in the Lower Stratosphere at South
Pole
Five-year high-resolution radiosondes data were processed to obtain the grav-
ity wave characteristics in the lower stratosphere over South Pole. Our results
show that gravity wave perturbations in the lowermost section (10 km-15 km) are
strongest in May and September and weakest in the austral summer, whereas in
the altitude range of 15-25 km, strongest gravity wave energy is observed only
around September. Our analysis suggests that this may be due to topographic
waves that contributed to the peaks of gravity wave KE around May and Septem-
ber in 10-15 km. However, at higher altitudes, due to critical-level filtering, topo-
graphic waves cannot propagate upward, which makes the shape of gravity wave
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KE seasonal variation closer to that of adjustment process.
We also explored the relationships between the gravity waves and the synoptic-
scale variations in the troposphere and ageostrophic motion in the upper tropo-
sphere, which are expected to be significant mechanisms for gravity wave gener-
ation. No preferred region was identified as hot spot of wave sources. Synoptic
activity and the adjustment processes associated with it possibly determine the
basic seasonal cycle of gravity wave variance: stronger in winter, weaker in sum-
mer. Further study are needed to verify the generation of waves from relatively
small topography, especially numerical modeling studies.
Ray-tracing model was used to explore the relationships between gravity wave
propagation and background field. The background atmosphere also showed an
unfavorable condition in January and February for both horizontal propagation
of waves from lower latitudes and upward propagation of waves inside Antarctica.
The seasonal variation of background atmosphere cannot explain the seasonal
cycle of gravity wave KE based on the results from the ray-tracing modeling
of constant gravity wave sources with monthly background atmosphere. Thus,
the minimum of gravity wave activity at the SP in the austral summer may be
due to the combination of weaker generation from synoptic activity, adjustment
process, topographic generation and unfavorable background field for gravity wave
propagation. The secondary minimum in June may be due to the weaker synoptic
activity and topographic generation. During that time, the strong polar vortex
that inhibits upward propagation of planetary waves may also reduce the wave
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generation in the upper-troposphere and lower stratosphere.
The study of gravity waves in the lower stratosphere at South Pole reveals that
sources such as synoptic activity and unbalanced flow are important even for the
lower part of middle atmosphere. Horizontal propagation must be included in
parameterization schemes to reflect the fact waves derived from radiosondes have
slant propagation paths and correlates well with synoptic activities or unbalanced
flow thousands of kilometers away. They travel long distance horizontally before
they reach higher altitudes. Ignoring the horizontal propagation of gravity waves
in parameterization would cause unrealistic distribution of gravity wave drag in
GCMs.
7.2 High-frequency Gravity Waves from Airglow Imager
7.2.1 Maui
The gravity wave characteristics over Maui from 2002 to 2007 are deduced from
OH airglow imager. The dominant horizontal wavelength falls between 15 km to
30 km. Intrinsic phase speeds are mainly in the range of 50 ms−1 to 100 ms−1.
Observed phase speeds are mainly in the range of 20 ms−1 to 70 ms−1. Intrinsic
wave periods are mostly below 30 minutes with most of the waves clustered around
5-10 minutes. For intrinsic wave period larger than 5 minutes,as wave period
increases the number of wave events decreases. Observed wave periods fall in
the range of 8 to 20 minutes. The difference between intrinsic phase speed and
observed phase speed, intrinsic wave period and observed wave period indicate
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that a large portion of gravity waves propagate against the background wind.
Vertical wavelength distribution peaks between 20-30 km and decreases fast as
wavelength increases. These wave parameters enhance our understanding of high-
frequency gravity waves in the MLT region, which enables the investigation on
wave propagation and ducting.
Long term statistics of high-frequency gravity waves in the MLT in the mid-
latitudes are still rare. The analysis of 6-year, 519 nights of observation at Maui
provides robust and significant knowledge on important wave parameters such as
dominant horizontal wavelengths, phase speed, wave period and vertical wave-
lengths. These are all important information to help constrain gravity wave pa-
rameterization in the MLT region.
Poleward wave propagation preference during summer and equatorward wave
propagation preference during winter are observed over Maui. They are also
opposite to the seasonal mean meridional wind direction which are always pointing
toward winter pole. Momentum fluxes deduced from OH imager are also highly
anti-correlated with background winds. Although imager observation disfavors
waves propagate along background wind, waves with short vertical wavelength
also have much smaller power in gravity wave spectra. Despite the bias toward
the direction against background wind, OH imager still captures the majority of
momentum flux of high-frequency gravity wave spectrum. Momentum flux from
OH airglow imager generally points against the background wind. Momentum flux
from imager shows strong anti-correlation with local mean flow on both seasonal
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and diurnal time frame. At least for the part of spectrum observe by airglow
imager, gravity waves act as damping mechanism for diurnal tide.
Though momentum fluxes have been deduced on short datasets with spec-
tral analysis, this study is the only one provide such long-term momentum flux
statistics. Momentum fluxes inferred from OH airglow imager at Maui provides
important observational benchmark for gravity wave parameterization in GCMs
in the MLT. For example, a reasonable parameterization scheme should reproduce
momentum fluxes in the MLT with similar magnitudes. The anti-correlation of
momentum flux with local mean wind supports the notion that gravity waves act
to damp diurnal tide in the MLT.
Gravity wave occurrence frequency does not follow the variation of local con-
vective sources and convective sources in a large domain when ducted waves are
considered. In fact, with a constant wave source and monthly mean background
atmospheric condition, the simulated wave transmission resembles the wave oc-
currence frequency observed by OH airglow imager at Maui. Thus at Maui, the
propagation effect dominates the seasonal variation in wave activity.
Gravity waves observed during summer and southward propagation during win-
ter. To explain the cause this, three mechanism are investigated: critical-layer
filtering, wave ducting, and Doppler-shifting by local mean wind. It is the first
time Doppler-shifting is proposed to explain the preferred meridional propaga-
tion observed by airglow imager in the midlatitudes. Critical-layer filtering failed
to explain the meridional propagation preference. The wave ducting condition
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is consistent with observed propagation preference in summer and equinoxes. It
cannot explain the dominant southward propagation during winter. Observed
gravity wave propagation directions are largely related to Doppler-shifting by the
background wind in the airglow layer. Background wind Doppler shifts gravity
waves propagating against (along) background wind to higher (lower) frequency
and larger (smaller) vertical wavelength. Thus, the observed gravity waves tend
to propagate against background wind. The apparent against background wind
propagation is largely caused by the contrast in cancellation factor for waves prop-
agate in different direction. To a lesser degree, the difference in dissipation for
waves propagate in different direction also contributes to the observed against
background wind propagation.
The investigation on gravity wave ducting condition shows that for the waves
observed at Maui, Doppler ducting plays an important role in wave occurrence fre-
quency and propagation direction. This is most important for waves propagating
toward east.
7.2.2 ALO
The wave analysis over ALO shows distinct wave characteristics comparing to
other midlatitude sites. Waves observed over ALO show a preferred poleward
propagation during austral summer and relatively weak equatorward propagation
during austral winter. Another prominent feature is strong preference for waves
to propagate toward to the west through out the year. Especially during sum-
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mer, most waves propagate from the northeast to the south west. The abundance
of relatively long horizontal wavelength waves (∼80-100 km) indicates there is
a dominant wave sources and/or propagation preference in the region. The dif-
ference of wave statistics from ALO from Maui demonstrates that there is large
geographical difference in gravity waves in the MLT.
Since waves observed over ALO do not concentrate in the short-horizontal wave-
length range, the effects of Doppler-shifting by local background wind are not as
prominent as observed over Maui. Wave transmission does not explain the wave
occurrence frequency. The source variation and horizontal variation of atmo-
spheric field must be included to explain the strong wave activity during austral
summer.
7.3 Implications and Future Work
The long term wave characteristics from OH airglow imager enhances our under-
standing of high-frequency gravity waves’ spectral distribution and momentum
flux budget in the MLT, which provides observational constraints on gravity wave
parameterizations’ behavior in the MLT. For example, in GCMs the magnitude
of momentum fluxes by waves with short periods should be comparable to the
observation. Our results show gravity wave momentum fluxes are anti-correlated
with tidal oscillation of wind, which provides observational bench mark for com-
parison of various schemes of gravity wave parameterization in terms of gravity
wave drag’s impact on diurnal tide.
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The results from this work show gravity wave’s propagation in middle atmo-
sphere is strongly affected by atmospheric field. For low frequency waves, their
propagation paths are slant and can travel hundreds of kilometers before they
reach the middle atmosphere. In the course of propagation, evolving atmospheric
background strongly affects where wave energy propagates both horizontally and
vertically. For high frequency gravity waves, though their propagation paths are
mostly vertical, they are subjected to ducting and reflection. Though atmospheric
condition changes fast in the MLT due to tidal modulation, there is always a low
stability layer above 120 km. Combining with easterly wind there, eastward prop-
agating waves encounter a strong evanescence layer. These waves can be ducted
between the evanescence layer and an evanescence layer in the lower atmosphere
or on the ground. Especially for high-frequency waves, their large vertical wave-
length make them suffer little dissipation even in the lower thermosphere. Wind
field in the MLT varies in large amplitudes on diurnal and seasonal time frame.
Thus, when considering ducting condition in the MLT, wind field cannot be ne-
glected.
Due to the growth in wave amplitude with attenuating atmospheric density
with height, it is not a surprise that most of the wave energy in the MLT even-
tually come from the lower atmosphere. However, once these waves are in the
middle atmosphere, their vertical propagation direction need not always be up-
ward. Vertical propagation direction has to be determined rather than assumed
upward. Future work on this topic can utilize high resolution observation of wind
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and temperature profiles in the MLT by lidar to infer the percentage of upward
propagating high-frequency waves.
Numerical simulation of gravity wave generation shows a large portion of grav-
ity wave spectrum are with short horizontal wavelengths [Beres et al., 2004; Lane
and Moncrieff , 2008]. However, when implementing the gravity wave spectrum
in parameterization schemes, only phase information are specified. Gravity wave
parameterization often focuses on specification of momentum flux versus phase
speed because under linear wave theory, given a mean flow, phase speed deter-
mines at which altitude the gravity wave is going to break and deposit momentum.
Lesser attention is paid to the horizontal wavelength distribution of gravity wave
source spectrum. Horizontal wavelength, however, has large impact on wave duct-
ing and reflection. For the same phase speed, a small horizontal wavelength wave
has much shorter wave period and larger vertical wavelength, which make them
easier to be ducted by both thermal and Doppler ducting. Thus, the importance
of ducted gravity wave for general circulation is dependent on how much contri-
bution of momentum fluxes comes from small horizontal-scale waves. The result
of this study indicates the majority of the momentum fluxes needed are from
short horizontal scale waves observed on airglow imager under the assumption
that waves are propagating upward. Since these high-frequency, short-horizontal
scale waves are important for the MLT, the parameterization of these waves must
considered their propagation behavior in the atmosphere such as reflection and
ducting.
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